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Abstract 
This thesis describes the developments of novel semiconductor devices based on epi-
taxial wide bandgap semiconductors GaN and ZnS. The number of interesting and 
exciting results in physics, electronics and materials science of these systems were 
found in studies motivated by these devices. This thesis consists of three major 
topics, structural characterization and kinetic growth modeling of the GaNAs/GaAs 
superlattices, structural and optical characterization and solid phase recrystallization 
of ZnS thin films grown on GaN and sapphire substrates, and design and fabrication 
of GaN high power devices as well as measurement of fundamental electronic proper-
ties of GaN, such as minority carrier diffusion lengths and lifetimes and critical field 
for electric breakdown. 
The set of GaNAs/GaAs superlattices grown by molecular beam epitaxy was an-
alyzed by high resolution X-ray diffraction and cross-sectional transmission electron 
microscopy. The nitrogen incorporation and GaNAs/GaAs interface sharpness were 
experimentally found to strongly depend on growth temperature. The activation en-
ergies for nitrogen desorption and nitrogen to arsenic segregation were found through 
simple kinetic model, which is in fine agreement with experimentally obtained results. 
These fundamental studies provide important insights into growth of GaN on GaAs 
substrates, which is of significant practical importance for all electronic GaN devices. 
Zinc sulfide/Gallium nitride heterostructures are potentially interesting system 
for light emitters in blue and green part of visible spectrum, with DC low power 
consumption electroluminescent displays being one attractive application of these 
diodes. Zinc sulfide thin films grown on GaN (0001), GaAs (001) and sapphire (0001) 
substrates by MBE were characterized by variable temperature photoluminescence 
and high resolution X-ray diffraction. The structural properties of the films suffered 
from the large lattice mismatch between ZnS and various substrates which were used. 
The optical properties of the ZnS films were found to be in direct correlation with 
Xll 
structural properties of the films. The ZnS films doped with Al and Ag grown on nand 
p-type CaN, and sapphire were characterized by low temperature photoluminescence 
and displayed bright blue luminescence. Fabricated N-ZnSjp-CaN heterostructures 
were characterized by current-voltage and electroluminescence. Electroluminescence 
was found to be centered around 390 nm, corresponding to high energy silver band, 
and it shifted to higher energies with increase in device voltage. Since as grown 
films suffered from crystalline imperfections, the ZnS thin films on sapphire were 
recrystallized, by annealing at temperatures above 900°C at sulfur overpressure of 
10 atm. The structural properties of samples significantly improved, indicating more 
than 10-fold reduction in tilting and excellent crystallinity. The role of sulfur was 
discussed, and it was found that sulfur is important in preventing film evaporation, 
increasing boundary migration and providing compliancy to sapphire substrate. 
The minority carrier diffusion lengths and lifetimes were measured for electrons 
and holes in unintentionally doped, nand p-type CaN samples grown by several 
different growth techniques. The experimentally observed diffusion lengths were in 
the 0.2 - 0.3 11m range for Metal-Organic Chemical Vapor Deposition (MOCVD) and 
Molecular Beam Epitaxy (MBE) grown samples, and 1 - 211m in the case of Halide 
Vapor Phase Epitaxy (HVPE) grown sample. In the case of MOCVD grown samples, 
the hole lifetime was estimated to approximately 7 ns, and electron lifetime to ap-
proximately 0.1 ns. The same samples were structurally characterized by AFM, and 
the size of the defect-free regions surrounded by linear dislocations is found to be of 
the order of measured diffusion length, in qualitative agreement with minority carrier 
recombination at linear dislocations. A simple model is presented which explains an 
increase in minority carrier lifetime and diffusion length with a decrease in the dis-
location density or increase in the size of defect-free grains. A model which explains 
why linear dislocations might act as recombination sites is also presented. 
The important advantage of nitrides and other wide band gap materials for high 
power devices is a smaller standoff layer thickness for the same standoff voltage, giving 
smaller ON-state voltage and resistance, smaller power dissipation and larger maxi-
mum current density, allowing physically smaller devices for the same power rating. 
XUl 
The design rules for nitride based Schottky rectifiers and thyristors are presented. 
The critical field for electric breakdown and minority carrier recombination lifetimes 
are found to be important design parameters. Using modeling parameters which are 
well in the range currently available with GaN, and measured from fabricated de-
vices, design results indicate the possibility of 18/-Lm thick GaN Schottky rectifiers 
and 12/-Lm thick AlGaN thyristors supporting 5 kV standoff voltage. The critical 
field for electric breakdown was found to be 5 MV jcm from the theoretical studies. 
The maximum current density for 5 k V thyristors is in the 200 - 400 Aj cm2 range 
depending on the hole lifetime, and is limited by thermal breakdown. The maximum 
operating frequency of 5 kV thyristors is in the 1-2 MHz range and also depends on 
the hole lifetime. 
Two-terminal GaN Schottky rectifiers were fabricated. The Schottky rectifiers 
were fabricated on thick GaN layers grown by HVPE and had a standoff voltages in 
the 450 V to 750 V range, depending on the thickness of the GaN film and contact 
geometry. Best devices were characterized with reverse current density of 10-5 Ajcm2 
at reverse bias of 100 V, and 4.2 V ON-state voltage at a forward current density of 
100 AI cm2 . Various contact geometries were investigated. It was found that mesa 
geometry improves ON-state voltage, but causes increase in reverse current density, 
while that metal field plate geometry significantly reduces reverse current density. 
The measured critical field for electric breakdown in GaN was found to be (2.5 ± 
0.5) MVlcm and it approaches the theoretical estimate of 5 MV jcm. The measured 
values of critical field are only a lower limit since the reverse breakdown voltage was 




List of Publications 
Abstract 
Glossary of Acronyms 
1 Introduction 
1.1 Major contributions. . . . . . . . . . . 
1.1.1 Comment on collaborative work 
1.2 Historical overview 
1.3 Motivation.. 
1.4 Thesis outline 












2 Structural characterization and growth modeling of GaNAs/GaAs 
superlattices 10 
2.1 Introduction..... 10 
2.2 Experimental details 11 
2.2.1 Electron cyclotron resonance microwave nitrogen plasma-assisted 
molecular beam epitaxial growth of GaNAs/GaAs superlattices 11 
2.2.2 High resolution X-ray diffraction 12 
2.3 Kinetic modeling . 18 
2.3.1 Nitridation 18 
2.3.2 GaAs Overgrowth - N segregation 21 
2.3.3 Determination of nitrogen segregation activation energy. 23 
xv 
2.4 Nitrogen profile smearing - segregation length 
2.4.1 Cross-sectional transmission electron microscopy. 
2.5 Concl usion . 
References . . . . 





ters and solid phase recrystallization 29 
3.1 Introduction.......................... 29 
3.2 Principles of operation of p-GaN jZnS light emitting diodes 30 
3.3 Molecular beam epitaxy growth of ZnS . . . . . . . . . . 34 
3.4 Optical and structural characterization of ZnS thin films 36 
3.4.1 Correlation between structural and optical properties of ZnS 36 
3.4.2 Low temperature PL study of ZnS grown on GaN substrates 41 
3.5 Electroluminescence of ZnSjGaN LED's 41 
3.5.1 Device fabrication. . . . . . . . . 41 
3.6 High pressure solid phase recrystallization of ZnS thin films. 46 
3.6.1 Experimental details . . . 47 
3.6.2 Structural characterization 47 
3.6.3 The role of sulfur 56 
3.7 Conclusion. 57 
References . . . . 59 
4 The values of minority carrier diffusion lengths and lifetimes in GaN 
and their correlation with structural properties 62 
4.1 Introduction..... 62 





Electron beam induced current measurements setup 




4.3 Measurements of minority carrier diffusion lengths and lifetimes 71 
4.4 Correlation of minority carrier lifetimes with structural defects . 76 
XVI 
4.4.1 Experimental observations by Atomic Force Microscopy. 76 
4.4.2 Simple models for minority carrier lifetime as a function of 
structural properties: dislocation density or grain size . . .. 77 
4.4.3 Why would linear dislocations act as recombination centers? 80 
4.5 Conclusion. 83 
References . . . . 
5 GaN based high power devices: design and fabrication 
5.1 Design of CaN based high power devices 
5.l.1 Introduction ........... . 
5.l.2 Nitride based Schottky rectifiers and thyristor switches 
5.l.3 Thickness and doping of the standoff layer 








5.l.5 Power dissipation and maximum current density for thyristor. 93 
5.l.6 Maximum operating frequency for thyristor 97 
5.2 GaN / AIGaN heterostructures . . . . . . . . . . . . 98 
5.3 Fabrication of 450 V CaN based Schottky rectifiers 98 
5.3.1 Introduction...... 98 
5.3.2 Fabrication procedures 99 
5.3.3 Current-voltage measurements. 100 
5.3.4 Experimental determination of the critical field for electric break-
down ................. . 
5.4 Fabrication of 750 V CaN Schottky rectifiers 




5.4.2 Current-voltage characterization. 114 
5.5 Fabrication of Schottky diodes on p-type CaN 115 
5.5.1 Fabrication procedures . . . . . . . . . 115 
5.5.2 Current-voltage characterization of p-type CaN Schottky diodes 117 
5.6 Conclusion. 





A Simple model for electron beam induced current near Schottky diode 
in planar geometry 125 
References .................................. " 129 
B Influence of infinite recombination on linear dislocations on minority 
carrier lifetime 
B.1 Hexagonal array of linear dislocations 
B.2 Dislocations occupying grain boundaries 





C Charged linear dislocations: potential and Debye screening length 135 
XVlll 
List of Figures 
1.1 The number of paper published per year covering topics related to 
GaN, GaAs, Si and all science topics. . . . . . . . . . . . . . . . . . 5 
2.1 Schematic of the cross section of the GaNyAs1_y/GaAs superlattice 12 
2.2 Schematic of a commercial Philips PW 1830 diffractometer 13 
2.3 The w/2B rocking curves of the GaAsN/GaAs superlattices 14 
2.4 The reciprocal area scan for the superlattice grown at 550°C 15 
2.5 Typical agreement between experimental rocking curve and HRS sim-
ulated rocking curve. . . . . . . . . . . . . . . . . . . . . . . . . . .. 16 
2.6 Arhennius plot of the nitrogen content y observed in ECR-MBE grown 
GaAsN / GaAs superlattices. . . . . . . . . . . . . . . . . . . . . . .. 17 
2.7 The FWHM's of the -1 and -2 superlattice peaks as a function of 
temperature ........ . 
2.8 Nitrogen segregation length 
2.9 TEM micrographs of GaAsN/GaAs superlattices . 
3.1 Schematics of liquid crystal displays ..... . 
3.2 Cross section of AC electroluminescent device 







3.4 PL and EL setup . . . . . . . . . . . . . . . . . . 37 
3.5 Room temperature PL and HR-XRD scans of ZnS films grown on sap-
phire . . . . . . . . . . . . . . . . 39 
3.6 The mosaic structure of the films 40 
3.7 Integrated room temperature PL as a function of FWHM of X-ray 
rocking curves . . . . . . . . 40 
3.8 Low temperature (T = 5 K) PL scans of n-type ZnS doped with Al 
and Ag . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 42 
XIX 
3.9 Schematic of the fabricated ZnS/p-GaN LED 43 
3.10 Current-voltage characteristics of ZnS:(Al,Ag)/p-GaN diode 44 
3.11 Room temperature EL of the n-ZnS/p-GaN LED. . . . . . . 45 
3.12 Schematics of the experimental setup for sealing quartz ampoules 48 
3.13 Summary of X-ray O-scans for different recrystallization temperatures 
of sample II391 . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 49 
3.14 Summary of FWHM's of X-ray O-scans for different recrystallization 
temperatures of sample II391 .................... 50 
3.15 The 0/28-scan of the sample II391 after recrystallization process 51 
3.16 The 0 and 0/28 -scan X-ray curves of the sample II366 before and 
after recrystallization process 
3.17 Explanation of electron channeling 
3.18 Electron channeling pattern of the sample II366 





4.1 Schematic of the Schottky devices processed on the GaN substrates 64 
4.2 Scanning electron micrograph of fabricated device used for EBIC mea-
surements ............................ . 64 
4.3 Schematic of the experimental setup for EBIC measurements 66 
4.4 Experimental setup for EBIC measurements of minority carrier diffu-
sion lengths using Schottky diodes. . . . . . . . . . . . . . . . . .. 67 
4.5 Generation volume of electrons approximated by sphere of radius R. 69 
4.6 Generation radius and EBIC signal as a function of electron beam voltage 70 
4.7 EBIC line scan profiles and AFM scans of n- and p-type MOCVD GaN 72 
4.8 Typical data used to extract diffusion length . . . . . . 74 
4.9 AFM scan of the surface of HVPE-grown GaN sample. 76 
4.10 Hole lifetime and diffusion length as a function of dislocation density 79 
4.11 Hole lifetime and diffusion length as a function of average grain size. 81 
4.12 One-dimensional model of GaN with negatively charged linear disloca-
tions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. 82 
xx 
5.1 Schematic of nitride based Schottky rectifier and thyristor 87 
5.2 Avalanche breakdown and punchthrough condition as a function of 
doping for GaN and AIGaN . . . . . . . . . . . . . . . . . . . . .. 90 
5.3 Critical field for electric breakdown as a function of energy bandgap 91 
5.4 ON-state voltage for a thyristor as a function of reverse breakdown 
voltage and temperature . . . . . . . . . . . . . . . . . . 94 
5.5 The equivalent circuit for thermal dissipation calculation 95 
5.6 Maximum current density and maximum operating frequency of the 
thyristor . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96 
5.7 Schematic of the Schottky rectifiers processed on the GaN 101 
5.8 Different device geometries for GaN Schottky rectifiers .. 102 
5.9 The etch rate and SEM micrograph of the profile of the CAIBE etched 
MOCVD GaN . . . . . . . . . . . . . . . . . . . 103 
5.10 The SEM micrograph of the 5 flm mesa device. . 104 
5.11 I-V curve for the high voltage rectifier displaying large standoff voltage 105 
5.12 I-V curves of three processed devices showing typical variation in break-
down voltage across the chip. ....... 106 
5.13 I-V curves for the three device geometries 107 
5.14 Schottky barrier height of gold (Au) on GaN shown as a function of 
ideality of the contact. . . . . . . . . . . . . . . . . . . . . . . . . .. 108 
5.15 Forward bias I-V characteristics of devices with different geometries 
and comparison between current flows in lateral and mesa devices 109 
5.16 SEM photo of the Schottky contact of a diode after breakdown. . 110 
5.17 Breakdown voltage as a function of doping concentration with and 
without "punch-through" condition. . .. ............ 112 
5.18 Schematic of the MOCVD grown 3 flm thick GaN layer grown on 
HVPE GaN layer. . . . . . . . . . . . . . . . . . . . . . . . 114 
5.19 Current voltage characteristics of the 750 V Schottky rectifiers. . 116 
5.20 Current voltage characteristics of the Schottky diode on p-type GaN. 118 
5.21 Band diagram of the Schottky diode fabricated on p-type GaN. 120 
XXI 
A.1 Schematic of the Schottky diode in the planar geometry. 126 
XXll 
List of Tables 
4.1 Summary of the EBIC measurements . . . . . . . . . . . . . . . . .. 73 
4.2 Summary of the measured, estimated and calculated diffusion lengths 
and lifetimes from the published literature. . . . . . . . . . . . . . .. 75 
XXlll 



























atomic force microscopy 
chemically assisted ion beam etching 
cathodol uminescence 
direct current 
electron beam induced current 
electron cyclotron resonance 
electrol uminescence 
field effect transistor 
full width at half maximum 
high electron mobility transistor 
heterostructure field effect transistor 
hydride (or halide) vapor phase epitaxy 




metalorganic chemical vapor deposition 
photoluminescence 
photomultiplier tube 
p-type dopedjn-type doped semiconductor junction 
radio frequency 
reflection high energy electron diffraction 
scanning electron microscopy 
secondary ion mass spectroscopy 
XXIV 
SL superlattice 
SPR solid phase recrystallization 
STM scanning tunneling microscopy 
TEM transmission electron microscopy 
URV ultra-high vacuum 
UID unintentionally doped 
UV ultraviolet 
XPS X-ray photo emission spectroscopy 
XTEM cross sectional tramsmission electron microscopy 
ZB zincblende 
WZ wurtzite 
WBG wide bandgap 
1 
Chapter 1 Introduction 
This thesis describes the design and development of novel devices employing epitaxial 
wide bandgap semiconductors GaN and ZnS. New findings in physics, electronics and 
materials properties of the novel materials used for these devices is also presented, 
and they contribute to the significant portion of this thesis. The thesis consists 
of three major topics, structural characterization and kinetic growth modeling of 
the GaN / GaAs superlattices, structural and optical characterization and solid phase 
recrystallization of ZnS thin films grown on GaN, GaAs and sapphire substrates, 
and design and fabrication of GaN high power devices as well as measurement of 
fundamental electronic properties of GaN, such as minority carrier diffusion lengths 
and lifetimes and critical field for electric breakdown. These three topics are covered 
in four chapters and three appendices. 
1.1 Major contributions 
I may say that the development of the novel electronic devices presented in this thesis 
was the spiritus mavens for the number of investigations into details of electronic and 
structural properties of materials used to build these devices. The major results 
contributed by the author of this thesis are: 
i) Structural characterization of GaN/GaAs superlattices by high reso-
lution X-ray diffraction and cross-sectional transmission electron mi-
croscopy. This work is important since GaAs can be used as substrate for 
growth of many GaN-based devices. The structural analysis of these super-
lattices contributed to understanding of initial growth phases of GaN at GaAs 
substrates, and mechanisms of nitrogen desorption and segregation. The kinetic 
model developed to describe these growth mechanisms was found to be in good 
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agreement with experimental data, and was used to extract quantitative values 
for nitrogen desorption and segregation activation energies. 
ii) Structural and optical characterization and solid phase recrystalliza-
tion of ZnS thin films grown on GaN and sapphire substrates. The 
light emitting diodes based on ZnS/GaN heterostructures are potentially very 
interesting for DC based electroluminescent displays. The structural and optical 
properties of ZnS thin films were analyzed through high resolution X-ray diffrac-
tion and photoluminescence experiments. Fabricated ZnS/GaN heterostruc-
tures were analyzed by electroluminescence for light emission. The connection 
between structural and optical properties of ZnS films was experimentally de-
termined, clearly indicating importance of high crystalline quality. Thin ZnS 
films grown on sapphire were annealed at high temperatures under high sulfur 
overpressure and structurally characterized by X-ray diffraction and electron 
channeling. It was found that crystalline properties improved as much as 10-15 
times. 
iii) Design and fabrication of GaN high power devices and measurements 
of minority carrier transport properties and critical field for electric 
breakdown. GaN with its potentially high critical field for electric break-
down and possibility of GaN / AIGaN heterostuctures has significant potential 
for high power devices. The design rules for GaN-based Schottky rectifiers and 
thyristors are given and it was found that critical field for electric breakdown 
and hole diffusion length and lifetime are important design parameters. Both 
electron and hole diffusion length and lifetime were measured by electron beam 
induced current experiments implemented in scanning electron microscope. The 
measured diffusion lengths were correlated with structural properties of GaN 
measured by atomic force microscopy. Simple analytical models were developed 
to quantitatively explain this connection. It was found that the recombina-
tion of minority carrier at linear dislocations in GaN limits diffusion length and 
lifetime in the experimentally observed range. Finally, high voltage Schottky 
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rectifiers were fabricated with the standoff voltages in the 450 - 750 V range, 
and critical field for electric breakdown was found to be in good agreement with 
the high, theoretically predicted values. 
1.1.1 Comment on collaborative work 
Most of the results in this thesis were obtained through collaborative work. It is 
therefore important to properly distinguish between the work done by the author of 
this thesis, and the work of his collaborators: 
i) GaN/GaAs superlattices described in Chapter 1 were grown by Dr. M.L. 
O'Steen and Prof. R.J. Hauenstein from Oklahoma State University. 
ii) ZnS samples in Chapter 3 were grown by Dr. E.C. Piquette from Caltech. Fab-
rication and I-V characteristic of ZnS/GaN devices described in Fig. 3.9 and 
3.10 were also done by Dr. E.C. Piquette, but it was considered necessary to 
include those results in this thesis in context of electroluminescence character-
ization and motivation for structural and optical characterization of ZnS thin 
films. 
iii) GaN samples in Chapters 4 and 5 were either obtained from ATMI Epitronics 
(through Dr. J.M. Redwing, Dr. V. Phanse or Dr. R. Vaudo) or Emcore, or 
were grown at Caltech by E.C. Piquette, or were supplied by Dr. T.F. Kuech 
from University of Wisconsin. AFM images shown in Fig. 4.7 and 4.9 were done 
by Dr. P.M. Bridger from Caltech. The calculation of the breakdown voltage of 
GaN devices based on theoretically obtained impact-ionization coefficients given 
in Chapter 5 and presented by Eq. 5.1 to Eq. 5.3 was done in collaboration with 
Dr. E.C. Piquette. 
iv) All other data and calculations presented in this thesis, excluding items (i)-
(iii), were done by the author. The author of this thesis allowed various data 
presented in Chapters 3, 4, and 5 to be used by his collaborators Dr. E.C. 
Piquette and Dr. P.M. Bridger in their doctoral dissertation theses. 
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1.2 Historical overview 
The wide bandgap refractory semiconductor, CaN, related alloys, and heterostruc-
tures have come under active investigation in past few years due to their signifi-
cant technological promise as useful semiconductor materials for optoelectronics, mi-
crowave electronics and high power electronics. Figure 1.1 shows number of CaN-
related papers published per year in the period from 1991 to 1998. If we assume that 
number of scientific papers published in a given year is a measure of the new acquired 
knowledge and the interest in a given subject (although some might be of the oppo-
site opinion), we can observe a significant trend in this decade. The author of this 
thesis was lucky enough to work in the period from 1994-1999, when the "interest" 
growth was 65 %/year. If number of CaAs papers is any useful measure (since it 
is approximately constant or slowly decreasing), it could be expected that the CaN 
interest will start saturating in the first half of the year 2000, when it is projected 
that CaAs level will be reached. In some way, it is natural, because a number of CaN 
products have been successfully commercialized, and a number of the other is under 
serious consideration. Some might even argue that CaN will find more applications 
than CaAs, which is also possible. If this trend is continued over the next three years, 
the number of CaN papers might reach the number of Si-related papers in year 2002. 
Although it is not expected that CaN can replace Si, Fig. 1.1 clearly indicates that 
CaN is becoming mature and established material system. 
Initial interest in nitrides was generated by successful demonstration and commer-
cialization of blue light emitting diodes [1, 2] by Nichia Chemicals. This initial success 
was followed by the demonstration (> 10000hrs) of a blue semiconductor laser [3, 4] 
and commercialization which was announced in January 1999.[5] The Japanese success 
in nitride light emitting devices prompted researchers in United States and Europe 
(as well as their funding agencies) toward other applications of this material, which in 
approach resembled CaAs efforts in the late 70's and early 80's. The initial non-light 
emitter devices relied on wide bandgap of nitrides to produce solar-blind ultra-violet 
(UV) photodetectors, which have a wide range of civilian and military applications. 
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Figure 1.1: The numbers were obtained using SciSearch database. If it is assumed 
that number of papers published per year corresponds to the new acquired knowledge 
about particular materials system and the generated interest, the GaN related interest 
will reach GaAs related interest in the first half of year 2000, and it will reach Si 
related interest in the year 2002. The compounded growth of 65 %/yr. for GaN 
related subjects indicates significant interest generated for this material system. 
Following UV detectors, large critical field for electric breakdown, potentially high 
operation temperature, high operation frequency and possibility for application of 
GaN / AIGaN heterojunctions prompted research of high temperature, high frequency 
and high power electronic devices based on this exciting and novel material sys-
tem. Some of the devices considered were field effect transistors for high temperature 
and high power applications, such as Metal Semiconductor Field Effect Transistors 
(MESFET's), GaN/ AlGaN Heterostructure Field Effect Transistors (HFET's) and 
High Electron Mobility Transistors (HEMT's).[6] The current main-stream research 
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effort in US and Europe is focused on fabrication of high frequency (>10 GHz) de-
vices and circuits for mobile communications, as well as improvements in the nitrides 
materials quality. One of the largest and most important obstacles is still the lack of 
GaN substrate. 
The work on Caltech related to GaN was primarily focused on novel applications of 
GaN. The issue of substrates was investigated through analysis of growth mechanisms 
of GaN at GaAs substrates, presented in Chapter l. Visible light emitters based on 
GaN as efficient minority carrier injector into ZnS was motivation for studies presented 
in Chapter 3. Finally, measurements of electronic properties of GaN and novel high 
power devices based on GaN were presented in Chapters 4 and 5. 
1.3 Motivation 
Numerous reasons motivating the research presented in this thesis were given in more 
details at the beginning of each chapter. We repeat some of the main reasons here 
for completeness. 
The lack of proper substrate for growth of GaN films is primary motivation for 
research done on GaN/GaAs superlattices. The goal of this work was to investi-
gate initial growth phases of GaN on GaAs substrates. In the process of this work, 
GaN/GaAs superlattices were grown, so that processes important for overgrowth of 
GaAs on GaN were also discussed. 
While the majority of GaN related research was focused on light emitting diodes 
and lasers, the research on Caltech was motivated by possibility of DC electrolumines-
cent (EL) displays. Unlike their counterpart, AC EL displays, they offer significantly 
lower power dissipation and operate at lower voltages which makes them more suitable 
for head mounted displays and other portable devices which require usage of small size 
displays. One possible realization of low power consumption DC electroluminescent 
displays can be implemented using ZnS/GaN heterostructure light emitting diodes. 
In this heterostructure, p-type doped GaN is used as an efficient hole injector into 
n-type doped ZnS, where the hole transfer is favored by the band alignment between 
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CaN and ZnS. 
Beyond visible light emitters, large critical field for electric breakdown, good ther-
mal conductivity and possibility of CaN/ AICaN heterojunctions open possibility for 
high power devices for applications in electric utility, motor control, and electric 
propulsion. There is a number of limitations reached by commercial silicon-based 
devices, which are related to the critical field of electric breakdown. The thickness 
of the standoff region required to support given breakdown voltage is inversely pro-
portional to the critical field for electric breakdown. Therefore, the resistance or the 
ON-state voltage of the device, which is proportional to the thickness, will be also 
inversely proportional to the critical field, favorizing wide bandgap devices. Finally, 
the power dissipation is proportional to the device resistance or ON-state voltage. 
Since the critical breakdown field for CaN is almost twenty times larger than for 
Si, the performance of CaN devices is expected to be dramatically better in terms 
of power dissipation. The reduction in power dissipation can lead to significant re-
duction or complete elimination of bulky cooling packages. However, there are still 
significant problems to be solved, such as lack of suitable substrates for growth and 
improvements in material quality which are necessary to achieve larger minority car-
rier diffusion lengths and lifetimes. 
1.4 Thesis outline 
The remainder of the thesis is arranged as follows: Chapter 2 describes structural 
characterization and growth modeling of CaNAs/CaAs superlattices. The high reso-
lution X-ray diffraction, cross-sectional transmission electron microscopy and kinetic 
modeling of the growth are presented. Important growth parameters are deduced 
from the modeling. 
Chapter 3 describes optical and structural characterization, and solid phase re-
crystallization ZnS thin films as well as electroluminescence characterization of visible 
light emitters based on ZnS/CaN heterostructures. After description of basic princi-
ples of this device, the connection between structural and optical properties of ZnS 
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thin films grown on vanous substrates is established. The structural and optical 
properties of the films are obtained through high resolution X-ray diffraction and 
photoluminescence experiments. Electroluminescence of fabricated devices is also 
presented. Solid phase recrystallization experiments of ZnS thin films are also pre-
sented. Crystalline properties of ZnS were found to improve as much as 10-15 times, 
after recrystallization process. 
Chapter 4 describes measurements of the values of minority carrier diffusion 
lengths and lifetimes in GaN and their correlation with structural properties. Minor-
ity carrier diffusion lengths and lifetimes for both electrons and holes are measured 
in GaN grown by variety of growth techniques. It is found that diffusion lengths and 
lifetimes are correlated with structural properties, namely with dislocation density 
and defect-free grain size. The simple analytical models are developed and presented 
which explain the experimentally observed trends. 
Chapter 5 describes design and fabrication of GaN based high power devices. The 
design rules are given for GaN based Schottky rectifiers and thyristors. It is found 
that most important modeling parameters are minority carrier lifetime and critical 
field for electric breakdown. The fabrication of high voltage devices is described, 
as well as different device geometries. The measurement of critical field for electric 
breakdown is also presented. 
Appendices A, B, and C give analytical calculations required to support material 
in Chapter 4. 
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Chapter 2 Structural characterization 
and growth modeling of GaNAs/GaAs 
superlattices 
2.1 Introduction 
Fabrication of GaN films of high crystalline quality, with low defect density, high car-
rier mobility, and with fiat surfaces is essential for practical performance of electronic 
devices based on GaN, related alloys and heterostructures. The structural qualities 
in GaN films significantly improved in the past few years, and continue to improve, 
despite the lack of suitable GaN substrates. The typical defect density in GaN film 
reduced from 1011 cm-3 in 1994, to less than 107 cm-3 which is presently possible by 
using lateral epitaxial overgrowth techniques. [1, 2] Despite the vast amount of re-
search and the considerable improvement in material quality that has been achieved 
using techniques such as metalorganic vapor phase epitaxy (MOVPE), hydride vapor 
phase epitaxy (HVPE), and molecular beam epitaxy (MBE), it remains clear that we 
are still far from fully understanding all the details and mechanisms of the growth 
of GaN, particularly by MBE. Many difficulties arise in the growth of GaN epitax-
ial layers because of the use of a highly mismatched substrate, such as sapphire or 
silicon carbide. Silicon carbide has many advantages over sapphire for GaN growth, 
including smaller mismatch in lattice parameter and a distinct crystal polarity, but 
c-plane sapphire is more often used for reasons of cost. 
One of the potentially interesting substrates for GaN, GaAs, attracted some atten-
tion in the last few years, [3, 4, 5] mainly to circumvent some of the existing problems 
with Ah03 and SiC. Besides its use as a substrate, GaAs is also interesting for mixed 
anion nitride/arsenide systems, such as GaAsN alloys and heterostructures.[6 -12] 
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Although limited by a small solubility [13], even small amounts of N in GaAs can 
cause large band gap bowing into the infrared [13, 14]. There are several important 
microscopic processes which have to be understood in order to achieve control of the 
structural and chemical properties of the GaNAs/GaAs interface. Nitridation, or N 
for As exchange is usually the first step in growing GaN on GaAs substrates, [4, 5, 7] 
which is analogous to the growth of AIN buffer on Ab03. [15] Another important 
phenomenon, nitrogen surface segregation, occurs during GaAs overgrowth of the 
GaAsN layer. [8, 9, 10] It was recently shown [7, 8, 10] that it is possible to produce 
high quality strained layer GaNyAs1_y/GaAs superlattices, grown on (001) GaAs sub-
strates. The initial high resolution X-ray diffraction (HRXRD) and reflection high 
energy electron diffraction (RHEED) characterization revealed the existence of several 
microscopic, thermally activated processes. In this chapter we describe our assess-
ment of these microscopic processes, and their influence on the interface properties 
of GaNAs/GaAs superlattices. 
2.2 Experimental details 
In this section we describe epitaxial growth procedure for GaNyAs1_y/GaAs super-
lattices, and their subsequent characterization by high resolution X-ray diffraction. 
2.2.1 Electron cyclotron resonance mIcrowave nitrogen 
plasma-assisted molecular beam epitaxial growth of 
GaNAs/GaAs superlattices 
A set of 36-period GaNyAs1_y/GaAs superlattices, with a superlattice period consist-
ing of one GaNyAs1_y monolayer (ML) and 75 GaAs monolayers, was grown on GaAs 
(100) substrates as a function of temperature (540-580°C) in an electron cyclotron 
resonance microwave nitrogen plasma-assisted molecular beam epitaxial (ECR-MBE) 
system. GaNyAs1_y monolayers were produced by a brief (4 sec.) N2 plasma exposure 
(nitridation) of an As-stabilized GaAs surface. Nitridation was immediately followed 
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GaAs cap (500 A) 
GaNAs (1 ML) 
GaAs (75 ML) 
Figure 2.1: Schematic of the cross section of the GaNyAs1_y/GaAs superlattice. 
by GaAs overgrowth at a fixed growth rate of 0.75 ML/s for 100 sec. The surface of 
GaAs is then As-stabilized by exposure to AS2 flux for 30 sec. (As-soak). In addi-
tion, one superlattice was grown with 6 sec. nitridation at 550 cC. A schematic of the 
GaNyAs1_y/GaAs superlattice cross section is shown in Fig. 2.1. Additional details 
about growth system and procedures can be found elsewhere . [5 , 7] 
2.2.2 High resolution X-ray diffraction 
To determine strain and concentration profiles , the entire sample set is then character-
ized by ex-situ high resolution X-ray diffraction (HRXRD), with the use of a Philips 
Materials Research Diffractometer (MRD) (see Fig. 2.2). The standard w/28 scans 
are performed in the Ge (220) 4-crystal mode around the substrate (004) reflections . 
The resultant w /28 rocking curves for 4 sec. nitridation superlattices are presented 
in Fig. 2.3 (the 550 cC and 570 cC scans have been omitted for clarity). These results 
reveal a strong dependence on the growth temperature T and indicate the presence 
of thermally activated microscopic processes. 
The reciprocal space scans (area scans) around the substrate (115) reflections are 
done in the same 4-crystal mode, with the addition of a Bonse-Hart collimator in front 
of the detector. An area scan of the sample grown at 550 cC is shown in Fig. 2.4. It 
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Figure 2.2: Schematic of a commercial Philips PW 1830 diffractometer. Incident 
beam optics generates X-ray using Copper anode tube. X-rays are collimated using 
Bartels configuration 4 Ge(220) crystals. The divergence of the beam is approximately 
12 arc sec. Sample is attached on Euler cradle which permits rotation around three 
Euler axes defined by (w, 'I/J, ¢). The reflected X-ray beam is analyzed by proportional 
counter. In addition to proportional counter Bonse-Hart collimator consisting of two 
Ge (220) crystals was used in triple axis reciprocal space (area scan) measurements. 






32.5 33.0 33.5 34.0 34.5 
(0 (degrees) 
Figure 2.3: The w /2fJ rocking curves of the GaAsN /GaAs superlattices grown at tem-
peratures between 540°C and 580 °C, with 4 sec. nitrogen exposure time. The strong 
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Figure 2.4: The reciprocal area scan for the superlattice grown at 550 ac. The super-
lattice is coherently strained and is of good structural quality, as observed from the 
round shape of reciprocal space points. The contours are lines of equal intensities, 
which increase exponentially with base 2. 
The width of the reciprocal space peaks parallel to the layer is small, indicating that 
tilting of the lattice layers is not present. Two-dimensional equivalent alloy compo-
sitions (y) are determined from peak positions and are confirmed through dynamical 
simulations using the Philips High Resolution Simulation (HRS) software package. 
The degree of agreement typically obtained between experimental rocking curve and 
the simulation is presented in Fig. 2.5, on the example of the superlattice grown at 
550 ac. Figure 2.6 shows an Arhennius plot of the resultant compositional depen-
dence on the growth temperature, y(T), for the 4 sec. (circles) and 6 sec. (diamond) 
nitridations. The experimental uncertainties in temperature, which represent repro-
ducibility from run to run within the sample set, are also indicated. These results 
suggest the existence of two regimes: (i) A dose-limited regime at low temperatures; 
(ii) A kinetically limited regime at high temperatures, with an unexpectedly strong 
fall-off in y at increased growth temperatures. 
The interface structural quality is assessed through the temperature dependence of 
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Figure 2.5: Typical agreement between experimental rocking curve and HRS simu-
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Figure 2.6: Arhennius plot of the nitrogen content y observed in ECR-MBE grown 
GaAsN/GaAs superlattices. Experimental data points are obtained through HRXRD 
measurements for 4 sec. nitridations (circles) and 6 sec. (diamond) nitridations. 
Growth-kinetics models which explain the strong y(T) dependence observed for ECR-
MBE grown 8-GaNy As1_ y /GaAs strained-layer superlattices are also shown. Dashed 
curve represents the model neglecting N surface segregation [Eq. (2.2) in text], while 
the solid curve represent the model including segregation effects [Eq. (2.8) in text]. 
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ically in Fig. 2.7. FWHM's of the -1 and -2 superlattice peaks as a function of tem-
perature are shown in the Fig. 2.7 using the left vertical scale. The rise of FWHM's 
at 540 DC is attributed to a growth temperature too low for GaAs growth. The de-
pendence of the superlattice peak intensities from the peak order is a measure of 
the sharpness of the interface. Sharp interfaces give rise to the superlattice rocking 
curves with many peaks and slow peak decay with peak order, while superlattices 
with diffuse interfaces have few peaks which quickly become indistinguishable in the 
higher order, with the best example being alloys which only have a crystalline lattice 
peak. The intensity of the superlattice peaks as a function of the order of peak is 
fitted to the Lorentzian curve Awj(n2 + w2 ), where n is an order of the superlattice 
peak, w is the width of the Lorentzian curve and A the multiplicative constant. The 
Lorentzian curve is chosen to provide a parameter which could describe peak inten-
sity as a function of peak order. The parameter w thus represents the quantitative 
measure of the smearing of the interface, and is plotted in Fig. 2.7 as a function of 
temperature, using the right vertical scale. From Figs. 2.6 and 2.7 we can notice 
rapid changes with temperature, where, at elevated temperatures N content is quite 
reduced, while interface quality is deteriorated. 
2.3 Kinetic modeling 
For the purpose of understanding the physical origin of this y(T) dependence, we have 
developed a first-order kinetic model which explicitly incorporates the three phases 
of our particular superlattice growth sequence: (i) nitridation; (ii) overgrowth and 
(iii) As-soak, as described in section 2.2. 
2.3.1 Nitridation 
The net rate of surface nitridation is determined by two physical processes which have 
been previously identified. [5] They are: (i) N-for-As surface anion exchange (N gain), 
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Figure 2.7: The FWHM's of the -1 and -2 superlattice peaks (left vertical axis) as 
a function of temperature. The Lorentzian fit Aw / (n2 + w2 ) of the dependence of the 
superlattice peak intensities as a function of the order n of superlattice diffraction 
gives parameter w (right vertical axis). They both show deterioration of structural 
properties and interface sharpness at high temperatures. 
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to the first order in N surface composition,y, as: 
dy 
dt 
Y s<1>(l - y) - -
7d 
(2.1) 
The first term on the right-hand side of Eq. (2.1) corresponds to the N gam on 
the As-stabilized GaAs surface due to the energetically favorable anion exchange. 
This process is modeled as being proportional, in the first order, to the flux <I> of 
incident physically activated N; to the fraction of available As surface sites to be 
exchanged with N, and to an overall efficiency factor s (units of area), which in general 
might depend on surface chemistry, strain and temperature, but is approximated as 
constant over the temperature and composition range of interest, for the purpose of 
our simplified model. The second term in this equation, -y/7d, represents the N 
loss due to surface desorption. It can be modeled in terms of a thermally activated 
rate constant, 7i1 = 70l exp( -Ed/kT), with activation energy Ed. Such a process 
has been directly observed in RHEED measurements of nitrided GaAs surfaces, and 
estimates for Ed (I"'V 2.1 e V) have been previously reported. [5, 7] 
If we define an "effective dosing rate" r _ s<1>, the solution to Eq. (2.1) for an 
initially N-free (As-stabilized) surface can be written as: 
(2.2) 
where Yss - r7 and 7 - (7i 1 + r )-1, and texp is the nitrogen plasma exposure time. If 
Eq. (2.2) is considered in the limit of low temperatures, so that desorption rate 7i1 
is negligible, then y --+ 1 would be obtained. This reflects the assumption that As 
atoms from the As-enriched (100) GaAs surface, when exposed to N plasma, will be 
completely exchanged for N atoms in the steady state, since an N terminated surface 
has a lower surface free energy due to a much stronger Ga-N bond compared to a 
Ga-As bond (heats of formation 6.81 eV and 5.55 eV, respectively [16]). Although 
the essential nitridation kinetics is well described by Eq. (2.2) without unnecessary 
mathematical complexity, it ignores the subsequent stages of growth of our superlat-
tices, and therefore cannot be used to directly model our experimental results. This 
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can be seen in Fig. 2.6, where the dashed curve represents the plot of Eq. (2.2) tak-
ing t exp = 4 sec. and using our RHEED based experimental desorption parameters, 
Ed = 2.1 eV, and Td = 7 sec. at 592°C. [5, 7] In addition, the dosing rate r is esti-
mated to be approximately 0.1 Hz from experimental values of y at 550°C for 4 sec. 
and 6 sec. nitridations, such that Eq. (2.2) properly describes the dose-limited (low 
temperature) regime of growth. 
2.3.2 GaAs Overgrowth - N segregation 
Inspection of Fig. 2.6 clearly reveals that the processes of anion exchange and N 
surface desorption alone result in the weak fall-off of the model (dashed) curve, and 
thus cannot account for the strong y(T) dependence in the kinetically limited growth 
regime. Also, even N surface desorption during the short monolayer deposition time 
(tML ) required to bury (and freeze-in) the nitrided GaNy As1_ y layer cannot result in 
significant N loss. To overcome this, we hypothesize that a thermally activated N 
surface segregation process, described with rate constant Ts-
1 = TO~l exp( - Es/ kT), is 
occurring concurrently with N desorption, during GaAs overgrowth. [7] This assump-
tion is supported qualitatively by our experimental observation that a GaN-related 
(3 x 3) surface reconstruction proceeds faster to a GaAs (2 x 4) reconstruction at lower 
substrate temperature during GaAs overgrowth which is consistent with freeze-out of 
a thermally activated N segregation process. 
Let us assume that: (1) segregation occurs from the first subsurface layer upward 
to the current surface layer; (2) desorption occurs from all currently exposed surfaces, 
i.e., the current growth surface and the current partially exposed first sub-surface 
layers; and (3) the segregation and desorption processes are statistically independent, 
and are occurring concurrently. Also, let Sn represent a relative GaN mole fraction 
in monolayer n. Under these assumptions, we can relate the N content of monolayers 
nand n + 1 through: 
(2.3) 
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Equation (2.3) describes the fraction of lost N [Sn(O) - Sn(tML )] which segregates 
rather then desorbs, and becomes the nitrogen content of the next surface layer. 
Since layer n loses its N content due to both N desorption and segregation, during 
the time interval 0 :::; t :::; t ML , Sn(t) decays exponentially as Sn(O) exp( -t/TII)' where 
T
I
,l _ (Ts-1 + Til). Using this expression in Eq. (2.3) lead us to: 
(2.4) 
where Ttot - Ts + Td. It is obvious from Eq. (2.4) that Sn(O) represents a geometrical 
progression. Now, similarly to Eq. (2.3), we can define On as the amount of initial 
material lost through desorption from layer n: 
(2.5) 
Therefore, the total loss of nitrogen from one superlattice period during overgrowth 
would be: 
(2.6) 
which is simply a sum of a geometric progression. Finally, the total amount of the 
original GaN content retained within one period of a superlattice is R = 1 - L, or 
straightforwardly 
(2.7) 
It is important to note that the expression for R given in Eq. (2.7) gives the correct 
limiting behavior in describing the loss of N during the GaAs overgrowth in the limits 
of no segregation, or no desorption. If there is desorption, but no segregation, then the 
only opportunity for N loss would be before the nitrided layer is completely buried 
in GaAs: i.e., R = exp( -tML/Td), which is obtained directly from Eq. (2.7) in the 
limit Ts -t 00. Similarly, if there is segregation, but no desorption, then R must be 
unity, since the only possible mechanism for N loss is desorption process. In that 
case, where Td -t 00, one would obtain R -t 1, as it should be. 
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2.3.3 Determination of nitrogen segregation activation en-
ergy 
Using the "segregation correction factor" from Eq. (2.7), it is clear that in order 
to consistently incorporate N surface segregation into our model, Eq. (2.2) must be 
replaced by 
(2.8) 
Thus, Eq. (2.8) represents the final result of our model and quantitatively describes 
the growth sequence (nitridation/overgrowth/soak) of our GaNyAs1_y/GaAs super-
lattices, taking into account microscopic processes of anion exchange, desorption and 
segregation. It is plotted as the solid curve in Fig. 2.6. This curve is calculated using 
identical dosing (r) and desorption (Ed and TOd) parameter values which were used in 
Eq. (2.2) to obtain dashed curve, while adjusting at the same time two segregation 
parameters, Es and Tos. A nonlinear least-squares fit to the experimental data points 
for 4 sec. nitridations finally results in the estimate for N surface segregation energy 
of 0.9 eV ± 30%. Obviously, from Fig. 2.6, it is seen that the corrected Eq. (2.8) is in 
very good agreement with experimental data, and confirms our N surface segregation 
hypothesis. 
2.4 Nitrogen profile smearing - segregation length 
One of the important applications of the described kinetic model is the N profile 
smearing. Nitrogen profile smearing follows from the geometrical progression Sn. 
By assuming a continuous function Sn(z) for the N profile, it is easy to show using 
Eq. (2.4) that Sn(z) = Sn(O) exp( -z/l) where l is the segregation length: 
a 
1 = - ---=------:--------::-
21n{[1- exp(-tML/TII)l~}' 
(2.9) 
The segregation length represents the decay length of the N profile and is therefore a 
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Figure 2.8: Nitrogen segregation length derived from the kinetic model [Eq. (2.9)]. It 
shows that the model predicts increase of nitrogen segregation length as temperature 
Increases. 
for 4 sec. N exposures is given in Fig. 2.8, from which it can be seen that segregation 
length increases with temperature. Unfortunately, profile smearing limits the abrupt-
ness of the GaN /GaAs interface. However, it is possible that smearing effects might 
be controlled through some of the MBE techniques which have been successfully used 
in the problem of dopant-profile smearing in MBE-grown Si. [17] Also, direct imag-
ing techniques such as cross-sectional Transmission Electron Microscopy (TEM) or 
Scanning Tunneling Microscopy (STM) might provide another way to determine Es , 
since our model predicts distribution of nitrogen in the superlattice period (571(0)), 
as a function of N surface activation energy Es and growth temperature T. 
2.4.1 Cross-sectional transmission electron microscopy 
To experimentally confirm our hypothesis about nitrogen segregation we made cross-
sectional TEM observations of our GaNyAs1_y/GaAs superlattices. It is expected 
that nitrogen segregation should be directly observable at cross-sectional images of 
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10 nm 
Figure 2.9: (a) Bright field TEM micrograph of the (110) cross section of the 
GaAsN / GaAs superlattice grown at 550 ec. The entire superlattice can be observed. 
The measured thickness of GaAsN layers is around 3nm, in good agreement with 
the model [Fig. 2.8J (b) The (110)high resolution micrograph of the GaAsN/ GaAs 
superlattice. There are no GaN clusters observed . 
the superlattices, provided that appropriate resolution is achieved in the image. Since 
our modeling results suggest nitrogen segregation length of the order of 2 - 10 nm, it 
is necessary to achieve atomic resolution in TEM. Cross sections of the superlattices 
were prepared by polishing, dimpling and Ar ion-beam milling. Transmission electron 
microscopy images were acquired in Philips EM430 electron microscope. Figure 2.9(a) 
shows a bright field TEM micrograph of the cross section of the GaNyAs1_y / GaAs 
superlattice grown at 550 ec, near the [110J zone axis, but normal to the surface. The 
(110) high resolution image of the superlattice is shown in Fig. 2.9(b). We did not 
observe GaN clustering, contrary to the results of a cross sectional STM study done 
on a similar structure. [11 , 12J Both of the micrographs in Fig. 2.9 indicate that the 
extent of the N profile smearing is indeed of the order of 3nm, in excellent agreement 
with the calculations obtained from the model. 
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2.5 Conclusion 
A set of GaNyAs1_y/GaAs superlattices grown by ECR-MBE have been character-
ized ex-situ bu HRXRD and cross-sectional TEM. It was experimentally found that 
nitrogen content (y(T)) and interface sharpness depend strongly on growth temper-
ature. A simple, but plausible kinetic model has been developed to conclusively 
establish and quantitatively explain some of the microscopic processes observed in 
GaNyAs1_y/GaAs strained layer superlattices. Particularly, the strong y(T) depen-
dence, obtained through ex-sity HRXRD of our superlattices, is fully understood in 
terms of energetically favorable surface anion exchange and combined, thermally ac-
tivated N surface-segregation/ surface-desorption. Also, the model predicts for the 
first time numerical estimates of the kinetic parameter associated with N surface-
segregation process, Es rv 0.geV ± 30%, which appear to be significant under typical 
GaN/GaAs ECR-MBE growth conditions. Finally, the model predicts nitrogen pro-
file smearing at the optimal growth temperatures of 550 DC to be on the order of 
3nm. Nitrogen profile smearing has been verified experimentally by cross-sectional 
TEM, and experimental observations were found to be in excellent agreement with 
the kinetic model. 
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Chapter 3 ZnS thin films: optical and 
structural characterization, light emitters 
and solid phase recrystallization 
3.1 Introduction 
Zinc sulfide, with its wide band gap (t'V 3.8 e V) and excellent luminescence, which 
can be obtained in almost the whole visible range with suitable dopants, is a very 
attractive material for light emitting diodes (LED's), [1, 2] lasers, [3J and fiat-panel 
electroluminescent (EL) displays. [4, 5J However, difficulties in producing high quality 
p-type doped material have reduced the utility of the sulfide system. 
The enormous interest generated by CaN-based light emitters made p-type CaN 
material available. [6, 7, 8] Since the CaN valence band edge is below that of ZnS, [9J 
it has been proposed that p-type CaN may be a efficient hole injector into ZnS, CdS 
and other light emitting semiconductors. [IOJ CaNjZn(Cd)S heterostructures are at-
tractive for both discrete diodes in blue and green region of visible spectrum and 
integrated direct current (DC) EL displays. Discrete diodes also have significant po-
tential in traffic lights and large sized (> 10 m) color displays, where emission over 
whole visible spectrum is required. Integrated DC EL displays seem extremely at-
tractive for head mounted (~ 2 - 5 cm in size) displays which are interesting for 
military and mobile computing applications and for color displays (rv 10 - 20 cm) 
in laptop computers. Rapid developments in the internet and communications in-
dustry, as well as trends in electronics and storage miniaturization (such as 1 inch 
340 MB hard disks [11]) should spawn a variety of mobile, palm-top size electronics 
devices, and each one of them will need to have medium sized color display. The 
crucial advantage of DC EL displays, compared to other technologies such as passive 
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and active matrix liquid crystal displays, [12J and alternate current (AC) EL dis-
plays, [12, 13J is a reduction in power consumption. Liquid crystal displays generate 
color pixels employing red, green or blue filters and pair of polarizers which deter-
mine light transmission from back-panel light source (see Fig. 3.1 [12]). In this way 
a considerable amount of energy is wasted, by continuous back lighting, and only 
small part of generated light is transmitted. AC EL displays require high voltages of 
approximately rv 100 - 150 V to generate light by impact excitation of light emitting 
centers, typically in ZnS powder, by high energy electrons (see Fig.3.2 [13]). Although 
AC EL displays share a similar material system (ZnS), the high voltages required to 
generate light and overall power consumption are far from satisfactory, especially for 
portable and mobile computing applications. In the case of DC EL displays based on 
ZnS, voltages required to turn-on individual diodes are approximately 3 - 5 V, while 
at the same time current densities are comparable to AC EL devices. This reduc-
tion in voltage and current results in almost two orders of magnitude lower power 
consumption. 
In this chapter, materials studies of ZnS thin films motivated by LED's based on 
p-GaN In-ZnS heterostructure are described. The structural and optical characteri-
zation of ZnS layers, electroluminescence characterization of fabricated devices, and 
finally high pressure ZnS thin film solid phase recrystallization are discussed. 
3.2 Principles of operation of p-GaN/ZnS light 
emitting diodes 
Since ZnS has not been yet successfully doped p-type, it is not possible to produce 
an EL device with pin homojunction system. One alternative to p-ZnS is to use 
other wide band gap materials which can be doped p-type and have favorable band 
offsets compared to ZnS. One example is p+ -GaN In-ZnS diode. The principle of 
operation is shown on the band energy diagram in Fig. 3.3. The top of the valence 
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Figure 3.1: Schematics of liquid crystal displays. The orientation of liquid crystal 
molecules is very sensitive to the externally applied electric field . Each single pixel 
is formed by optically tunable shutter that is controlled by a locally applied electric 
field and is sandwiched between a pair of polarizers. Light image is produced by 








Figure 3.2: Cross section of AC electroluminescent device. Large AC voltage causes 
variation in electric field which cause impact excitation of light emitting centers. For 
example, Cu and Cl act as blue or green luminescence centers depending on relative 
amount of Cl. 
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Figure 3.3: Energy band diagram of the p+-GaN/n-ZnS LED. Valence band edge of 
the GaN lies below that of ZnS, therefore allowing efficient injection of holes from 
p-GaN into n-ZnS , given that device is biased. It is important to have GaN layer 
strongly doped p-type when compared to n-type doping on ZnS, to achieve that most 
of the recombination occurs in the n-ZnS layer. In addition, electron blocking layer 
at the interface can be used to confine electrons in the ZnS layers. If Zn(Cd)S layer 
is appropriately doped , blue, green and red colors can be obtained. 
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ZnS. Therefore, the hole transfer across the p+ -GaN /ZnS interface will be facilitated 
by this energy difference. The injection efficiency will be approximately improved 
by a factor of exp(Ev/kT). Stronger p-type doping of GaN layer when compared to 
n-type doping of ZnS layer is important, so that most of the recombination occurs 
in ZnS. Holes injected into ZnS layer will recombine with electrons radiatively and 
produce luminescence. The wavelength of the emitted light depends on energy levels 
of intentional impurities in ZnS. However, since the band gap of ZnS is 3.8 eV, that 
implies difference in conduction band bottoms of Ec ~ 1.4eV in favor of ZnS. This 
implies loss of electrons from ZnS to GaN layer, and would reduce luminescence 
intensity. It would be therefore beneficial to diode operation, in addition to the 
doping requirement, to confine electrons in ZnS layer. This can be accomplished by 
growing thin layer of ZnMgS at the interface between GaN and ZnS. This layer would 
act as electron blocker, since large conduction band bottom would confine electrons 
in ZnS film. More details about simulation of p+ -GaN /Zn( Cd)S diode can be found 
in Ref. [10]. 
3.3 Molecular beam epitaxy growth of ZnS 
There have been many reports in the literature of ZnS grown by Molecular Beam 
Epitaxy (MBE) on a variety of near lattice matched substrates such as Si, [14, 15] 
GaP [16, 17, 18] and GaAs. [19, 20, 21] The ZnS thin films were grown (by Dr. E.C. 
Piquette) on GaAs (001), sapphire (0001) and GaN (0001), in an attempt to gain 
insight into this potentially interesting heterojunctions, and to understand growth 
on highly mismatched substrates in general. The interfaces between these materials 
are interesting because of the large lattice mismatch. First, ZnS epilayer will not 
grow coherently strained for more than one monolayer. During the initial phases of 
growth, the enormous strain energy related to lattice mismatch will relax and result 
in formation of numerous dislocations, tilting and 3D relaxation. [22] Second, despite 
large number of defects, GaN and ZnS are known to be good light emitters. Hence, 
even though GaN /ZnS interface is expected to be heavily defected, it should provide 
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us with a potentially useful junction. 
More details about ZnS growth procedures can be found in Ref. [23] and [24]. 
We repeat some details about MBE growth and ultra high vacuum (UHV) in situ 
characterization pertinent for the discussion of optical and structural characterization 
of these films. ZnS epilayers were grown in a modified Perkin-Elmer 430 Molecular 
Beam Epitaxy system. This MBE system was equipped with a valved cracking source 
for sulfur, radio frequency plasma source for nitrogen and Knudsen cell sources for 
elemental Zn, Al and Ag. The base pressure in a growth chamber during growth was 
3 x 10-10 torr. In situ reflection high energy electron diffraction (RHEED) operating 
at 10 keY electron energy was used to structurally characterize samples during growth. 
Some ZnS films were doped with Ag and Al. Doping with Ag and Al produces films 
which luminesce in blue region of visible spectrum. 
The GaN substrates were 3 pm thick epilayers grown by metalorganic chemical 
vapor deposition (MOCVD) on c-plane sapphire. Hall measurements performed on 
these layers indicated a carrier concentration of ,...., 2 x 1017 cm-3 , and a mobility of 
7 cm2 j(V-s). Sapphire (0001) substrates were obtained from Union Carbide Crystal 
Products. GaAs (001) substrates were sourced from American Crystal Technology. 
Prior to loading into the MBE vacuum system, all substrates were degreased with 
organic solvents. In situ XPS analysis prior to epilayer growth revealed surface con-
tamination by carbon. The carbon contamination could not be completely eliminated 
by thermal cleaning. However, it was found that it could be removed by exposing 
the sample to an RF nitrogen soak operating at 200 W at a substrate temperature 
of 500°C for approximately 20 minutes. RHEED patterns of the GaN also improved 
significantly after this treatment. The sapphire substrates were thermally treated at 
500°C for 30 minutes prior to growth, after which sharp streaks in RHEED images 
were obtained. Etching of ' substrates did not produce noticeable differences. 
Prior to MBE growth, all substrates showed sharp RHEED streaks. After starting 
the growth of ZnS, the RHEED pattern quickly became spotty for most films, and 
persisted throughout the growth. The spotty pattern indicates that growth proceeds 
in the 3D (Volmer-Weber) [25J mode. Crystalline structure of the films corresponded 
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to surface crystalline structure of the substrate. The ZnS films grown on hexagonal 
GaN (0001) and sapphire (0001) substrates were of zincblende crystalline structure 
with (111) orientation, while films grown on GaAs (001) substrates were zincblende 
with (001) orientation. Most films exhibited mosaic crystallinity with individual 
crystallites oriented along the (111) axis, but slightly misoriented in the plane of the 
film. Beside mosaic crystallinity, RHEED studies also indicated that most films grown 
on sapphire and GaN displayed twinning in the (1l1) growth plane which is expected 
for growth on a (111) oriented substrate surface [21]. Films grown at the higher 
temperature of 400 DC showed no visible twinning and excellent surface morphology, 
although they suffered from unpractically low growth rates. [23, 24] 
3.4 Optical and structural characterization of ZnS 
thin films 
3.4.1 Correlation between structural and optical properties 
of ZnS 
We studied correlation between the structural and optical properties of ZnS films 
grown on sapphire (0001), GaN (0001) and GaAs (001) substrates. ZnS films were 
characterized by high resolution X-ray diffraction (HRXRD) and photoluminescence 
(PL). Details of the HRXRD setup were discussed in Chapter 2. Variable temper-
ature PL data was collected in the home-built setup using a Liconix He-Cd laser, a 
Janis liquid Helium dewar and a SPEX 1269 spectrometer (see Fig. 3.4). Samples 
were placed in the Janis dewar where the temperature can be controlled in the range 
between 4K and room temperature. Sample luminescence was generated by optical 
excitation using 325 nm line of the He-Cd laser. Luminescence was focused on the 
entrance slit of the spectrometer, and the dispersed light was collected with Hama-
matsu R943 photomultiplier tube (PMT) placed in thermoelectrically cooled PMT 
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Figure 3.4: PL and EL setup. Sample to be characterized is placed in Janis liquid 
Helium dewar which can be cooled down to 4 K. In case of PL, samples were ex-
cited by Liconix He-Cd laser operating at wavelength of 325 nm. Luminescence is 
focused to entrance spectrometer slit of SPEX 1269 spectrometer, and output light 
is analyzed by Hamamatsu R943 photomultiplier tube, placed in Products for Re-
search thermoellectrically (TE) cooled PMT housing. SPEX CD-2B compudrive and 
PC were used for spectrometer position control and data acquisition. In case of EL, 
biased samples were placed in front of the entrance slit , and all EL experiments were 
done at room temperature. 
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for controlling the spectrometer position and data acquisition. 
Room temperature PL scans of ZnS films grown on sapphire (0001), GaAs (001) 
and GaN (0001) substrates are shown in Fig. 3.5a. Samples were doped with Al and 
Ag and grown under identical conditions in the same growth run (II411), but differ-
ent substrates were used. All samples produced bright blue luminescence centered 
around 450 nm, which is the line characteristic for silver "activator" low (440-450 nm) 
emission band. [26] The laser excitation power density was estimated as 2.5 m W / cm2 
from the focused spot size and the measured output power of the laser beam. We can 
notice from Fig. 3.5a that ZnS grown on GaN has the smallest luminescence inten-
sity. The optical quality of the films clearly corresponded to the structural quality, as 
can be observed from Fig. 3.5b, which shows X-ray rocking curves for the same set of 
samples. ZnS film grown on GaN, which had the smallest luminescence, displayed the 
smallest peak intensity and the largest full width at the half maximum (FWHM) of 
the X-ray rocking curve, indicating highest degree of the misorientation (mosaicity) 
in the film (see Fig. 3.6). The correlation between optical and structural proper-
ties can perhaps be best observed from Fig. 3.7, which directly compares integrated 
photoluminescence (over the measured wavelength range) and FWHM's of the X-ray 
rocking curves. Clearly, films with wider FWHM of the X-ray rocking curve, and 
therefore larger mosaicity and lower structural quality, also had smaller integrated 
luminescence. It is interesting to observe that although the absolute values of lattice 
mismatch for GaN and sapphire substrates are similar (~ 20 %), the ZnS films grown 
on sapphire have better optical and structural properties. Unlike the GaN surface, 
where possible obstruction of the ZnS film growth by chemical reaction between Ga 
and S might occur (and therefore growth of GaSx ), the surface of sapphire is very 
chemically stable. At the time of this study, effects of the polarity of the GaN surfaces 
(Ga- versus N-face) were not well known and studied, and only MOCVD-grown films 
were used. [27] It is possible that MBE grown GaN (which typically has opposite po-
larity than MOCVD grown GaN) would be more susceptible for the ZnS growth. It is 
important to notice that the luminescence of the ZnS film grown on GaN substrate, 
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Figure 3.5: a) Room temperature PL scan of ZnS film (sample series II 411) grown 
on sapphire, GaAs and GaN substrates. All samples are doped with Al and Ag 
and grown under nominally identical conditions. All PL peaks are centered around 
450 nm, but of different intensity, indicating varying optical quality. b) HR-XRD 
scans of same sample series. The intensity and FWHM of X-ray curves is related to 





Figure 3.6: The mosaic structure of the films is caused by relaxation of strain energy 
in the initial phases of growth. The mosaicity, or the level of the crystallite misori-
entation in the film can be characterized by the broadening (FWHM) of the n X-ray 
rocking curve. 
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Figure 3.7: Integrated room temperature PL as a function of FWHM of X-ray rocking 
curves for ZnS thin films grown on GaAs, sapphire and GaN. Optical quality of the 
samples (defined as integrated PL) directly depends on structural quality (defined by 
FWHM of X-ray rocking curve). Although sapphire and GaN have similar absolute 
value of lattice mismatch, properties of ZnS films grown on sapphire are better. 
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enough to be easily observable by eye in the laboratory with the light on. 
3.4.2 Low temperature PL study of ZnS grown on GaN sub-
strates 
Since ZnS films for practical LED's have to be grown on GaN substrates, we studied 
low temperature PL of the ZnS grown on GaN substrates and compared them to 
the ZnS films grown on sapphire. Low temperature (5 K) PL scans of ZnS samples 
doped with Al and Ag and grown on p-type GaN, n-type GaN and sapphire sub-
strates are shown in Fig. 3.8 a), b) and c) respectively. All samples produced bright 
blue luminescence. Visible are two characteristic silver activator bands: silver high 
(390 nm) and silver low (440 nm). [26] The preparation of the sample, especially the 
relative amounts of Al and Ag, are known to influence relative intensities of these 
two bands. [26] In the samples studied, both bands are present for the ZnS:(AI,Ag) 
films grown on sapphire (Fig. 3.8c), while the lower energy band dominates for the 
films grown on n-type GaN (Fig. 3.8b). Films grown on p-type GaN show emission 
predominantly near the high energy (390 nm) band (Fig. 3.8a). In the case of ZnS 
films grown on GaN, it is not possible to avoid GaN substrate luminescence. For 
example, the p-type GaN has luminescence in blue-violet region which overlaps with 
the high energy (390 nm) silver band. Also, in the (Fig. 3.8b) we can observe phonon 
replicas (370-400 nm) of the eA (conduction band to deep acceptor) transition of the 
GaN. 
3.5 Electroluminescence of ZnSjGaN LED's 
3.5.1 Device fabrication 
Standard photolithographic procedures were used to fabricate p-GaN/n-ZnS:(AI,Ag) 
LED devices. The schematic of the structure is shown in Fig. 3.9. Since sapphire is a 
non-conductive substrate, all contacts were deposited on the top of the structure (see 
































Figure 3.8: Low temperature (T = 5 K) PL scans of n-type ZnS doped with Al and 
Ag on a) p-type GaN substrate, b) unintentionally doped n-type GaN substrate, and 
c) sapphire substrate. 
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Figure 3.9: Schematic of the fabricated ZnS/p-GaN LED. Aluminum and gold were 
used as ohmic contacts for n-ZnS and p-GaN layers respectively. 
layers in a chamber with a background pressure of 2 .10-8 Torr. Aluminum contacts 
were thin enough to allow light transmission. Ideally, the back-side of the sapphire (if 
polished) could also be used for light extraction. Following sputtering, AI/ZnS mesas 
were produced by etching in Br:HBr:H20 (1:100:100) solution, which does not react 
chemically with the GaN surface. Gold contacts were then sputtered, patterned by 
lift-off, and annealed at 780 °C to reduce the rectifying nature of contacts. Contacts 
were found to be rectifying as deposited , and ohmic contacts to the ZnS were found 
to be quite challenging to produce. 
The current-voltage characteristic of the resulting n-ZnS/p-GaN LED is shown 
III Fig. 3.10. It is evident that the turn-on voltage is approximately 3 V, which 
is expected because it corresponds to the bandgaps of both ZnS and GaN less the 
interface band offset. The large series resistance of the device is consequence of both 
the low conductivity of GaN and the lack of conductive substrate to provide a back 
ohmic contact. 
LED devices were mounted on die package and wire bonded. The electrolumines-
cence from biased devices was then focused on the entrance slit of the spectrometer 
and dispersed using setup described in Fig. 3.4. The EL scan as a function of device 
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Figure 3.10: Current-voltage characteristics of ZnS:(Al,Ag)/p-GaN diode on the 
logarithmic-linear scale. The turn-on voltage is approximately ~ 3 V. Inset shows 
same characteristics at linear-linear scale. 
perature operation to be observable to the eye. At low applied voltages between 3 to 
10 V, luminescence is centered around 390-400 nm. At higher voltages between 10 to 
25 V the luminescence shifts to higher energies and is centered around 385-390 nm. 
We have also observed luminescence non-uniformity and "bright-spots," which might 
be expected due to current spreading and structural defects. 
It is non-trivial to exactly analyze the luminescence mechanism since broad PL 
spectra of both p-type GaN:Mg and n-ZnS:(Al,Ag) have peaks centered around 390 nm 
(see Fig. 3.8). Since these preliminary devices did not include an electron blocking 
layer at the ZnS/GaN interface, it is possible that electrons injected from n-ZnS into 
p-GaN recombine with holes, and produce luminescence typical for p-GaN. Also, ra-
diative recombination in either layer may be followed by absorption and fluorescence 
in the other layer. We can also observe from Fig. 3.11 that integrated electrolumi-
nescence saturates at large voltage biases above 15 V. 
Some of the practical problems in the fabrication of the LED were poor ohmic 
contacts to n-type ZnS, lack of conductive GaN substrate and relatively unsatisfactory 
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Figure 3.11: a) Room temperature EL as a function of device bias. EL emission is 
centered around 385-400 nm, depending on bias voltage with width of luminescence 
peak varying from 45 nm (at 5 V) , to approximately 90-110 nm (at 10 V and above). 
b) Integrated EL emission intensity as a function of device bias. We can notice 
saturation at ;:::::; 15 V. 
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crystalline quality of ZnS layers. Since the luminescence properties were correlated to 
the crystalline properties (mosaicity), an attempt has been made to improve structural 
properties of the ZnS layers by post-growth treatments. One such attempt, the high 
pressure solid phase recrystallization, is described in the next section. 
3.6 High pressure solid phase recrystallization of 
ZnS thin films 
It was described in the section 3.3 that the initial phases of growth in the heavily 
mismatched interface geometry, such as growth of ZnS on sapphire or GaN, are the 
most critical, and it is not expected that the ZnS epilayer would grow coherently 
strained for more than 1 epilayer. In fact, the large mismatch-related energy will be 
relaxed in the form oftilting and three-dimensional relaxation (see Fig. 3.6). [24, 22] 
This would certainly damage the overall crystalline quality of the ZnS layer, which is 
known to be important to the performance of the II-VI - based optical devices, [28] 
as seen in section 3.4.1. It is therefore of significant interest to develop post-growth 
techniques which can improve crystalline properties of the ZnS films grown on heavily 
mismatched substrates. 
In this section we discuss the solid phase recrystallization (SPR) of undoped, 
0.3-0.5p,m-thick, molecular beam epitaxy (MBE) grown, (l11)-oriented, cubic ZnS 
films on sapphire ('" 20% mismatch). [29] These samples were recrystallized by an-
nealing at temperatures in the 825 -1000 °C range, and sulfur pressures of 10 atm. 
Details about the MBE ZnS growth system and procedures were given in section 3.3. 
Thermal annealing at large sulfur overpressure consistently improved the structural 
properties of the films, thereby compensating the effects of strong mismatch. Some 
of the previous efforts on recrystallization of thin films are described in the Ref. [26]. 
Presently, recrystallization is an important industrial process, and plays a vital role 
in the manufacture of steel and aluminum, [30] and HgCdTe. [31] Solid phase re-
crystallization of bulk ZnSe, CdTe and CdSe was recently successfully demonstrated 
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by Triboulet et at., [32, 33] by annealing at the high temperatures under high col-
umn VI element overpressure, and excellent optical and structural properties were 
obtained. [34] 
3.6.1 Experimental details 
To contain ZnS samples and sulfur during the experiment, quartz ampoules with 
2 mm-thick walls were used. Prior to the experiment, the ampoules were cleaned 
with organic solvents (acetone and isopropyl alcohol) and then baked at 1000°C for 
2-4 hours. The MBE-grown undoped ZnS/Sapphire films were placed in the ampoules 
together with 100-200mg of 99.9999% Sulfur. The amount of sulfur placed in the 
ampoule was calculated according to the van der Waals equation of state, so that 
gas pressure of 10 atm is reached on the anneal temperature. The ampoules were 
then attached to a turbo-molecular pump to attain a vacuum of 1 . 10-6 Torr, and 
then sealed while the pump was still running (see Fig. 3.12). The sealed ampoules 
were then transferred into the temperature-controlled furnace. The temperature was 
slowly increased at the rate of 2 - 3°C /min to avoid thermal strains, until the final 
temperature in the 825-1000 °C range was achieved. After the samples were kept at 
this temperature for 2 - 20 hours, the temperature was slowly reduced at the rate of 
2-3°C/min, again to avoid thermal stressing. 
3.6.2 Structural characterization 
High resolution X-ray diffraction 
Samples were characterized before and after the annealing by ex-situ high resolution 
X-ray diffraction (HRXRD), using commercial Philips Materials Research Diffrac-
tometer, described in Chapter 2. The 0 and 0/28 scans around the ZnS thin film 
(111) reflections were performed in the 4 or 6-crystal mode (without or with Bonse-
Hart collimator in front of the detector) respectively, using Ge(220) reflections. 
To characterize the effects of different anneal temperatures, one sample (II391) 
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Figure 3.12: Schematics of the experimental setup used to vacuum-seal quartz am-
poules containing ZnS thin films and sulfur. The ZnS and sulfur were placed in cleaned 
and baked ampoules, and ampoules were attached to the Balzers turbo-molecular 
pump through liquid nitrogen trap. Liquid nitrogen trap was used to prevent stream-
ing of sulfur into turbo pump. The air was evacuated to attain vacuum level of 
1 . 10-6 Torr. The ampoules were then sealed while the pump was still running. 
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Figure 3.13: Summary of X-ray O-scans for different recrystallization temperatures 
of sample II391. The curves for samples recrystallized at higher temperatures have 
lower widths and higher maximum intensity. 
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Figure 3.14: Summary of FWHM's of X-ray O-scans for different recrystallization 
temperatures of sample II391. 
tween 825 ac and 922 ac. The anneal temperature has to be chosen below the melt-
ing temperature, but has to be high enough so that the original grain boundaries 
become unstable. At that point, the conditions are favorable for the migration of 
grain boundaries and growth of defect-free nuclei. The anneal time ranged between 
11 and 15 hours, and sulfur overpressure was kept constant at 10 atm. The X-ray 
O-scans (Fig. 3.13), and the full width of the half maximum (FWHM) of the curves 
as a function of temperature (Fig. 3.14), indicate the amount of mosaic tilting present 
in the films, [35] and show that the crystalline mosaicity is significantly reduced at 
anneal temperatures above 900 ac. As grown samples exhibited mosaic structure 
with grains approximately 10/lm or less in size. Following recrystallization, the de-
gree of mosaic tilting reduced approximately an order of magnitude, while the size 
of mutually tilted grains increased to approximately 130/lm or less. However, the 
overall crystalline orientation was preserved across the grain boundaries, which was 
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Figure 3.15: The 0/28-scan of the sample II391 after recrystallization process. The 
anneal temperature was 922°C and the sulfur overpressure 10 atm. 
FWHM of 0/28 curves for the samples in the II391 series after recrystallization was 
around 50", (see Fig. 3.15) measured in the 6-crystal configuration (using Bonse-Hart 
monochromator with 12" acceptance angle in front of the detector-see Fig. 2.2 in 
Chapter 2). 
It was not possible to use this particular configuration before recrystallization, 
because the quality of the crystal was not good enough. Measured with the 4-crystal 
configuration, the typical width before recrystallization was around 270" (450" was 
typically measured, but there is a correction of 180" for the slit width). The width of 
the 0/28 scan corresponds to the crystalline quality of the individual grains, and in 
the case of the symmetrical reflection (like (111)) it depends on the thickness L of the 
sample approximately as rv 0.886'\/(cosBL) rv 29" / L[p,m]. [36] Since the thickness of 
the sample II391 was 0.45 p,m, the width of 50" corresponds to recrystallized, defect-
free grains. The set of 0 and 0/28 X-ray rocking curves of the sample II366 before 
and after recrystallization is shown in Fig. 3.16. The anneal temperature was 970°C 
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and sulfur overpressure 10 atm. Tenfold improvement in crystalline quality can be 
observed. 
Scanning electron microscopy: electron channeling 
Electron channeling patterns (ECP) are an interesting example of the electron diffrac-
tion which can be obtained in scanning electron microscopy, and are analogous to more 
commonly known Kikuchi patterns, which are electron diffraction patterns obtained 
in transmission electron microscope. The basic principles for formation of ECP are 
laid out in Fig. 3.17. When an electron beam is incident on a crystalline sample 
(see Fig. 3.17a), the beam incident to a particular set of lattice planes with an angle 
slightly smaller than the Bragg angle OH (beam 1 on Fig. 3.17a) will backscatter from 
the sample. The beam with an angle slightly larger than the Bragg angle (beam 2 on 
Fig. 3.17a) will penetrate into the sample. [37] Since the backscattered electron inten-
sity is proportional to the degree of inelastic scattering, the intensity of backscattered 
electrons changes at the Bragg angle ±OH (see Fig. 3.17b). This change at Bragg an-
gle results in line contrast corresponding to a particular set of lattice planes, when the 
beam is angle-scanned in two orthogonal directions. Each pair of lines in Fig. 3.17c 
corresponds to the set of lattice planes having various spacings. Electron channeling 
patterns (ECP) were obtained in a JEOL 6400V scanning electron microscope (SEM). 
The pattern for sample II366, recrystallized at 970 DC for 3 hours at sulfur pressure 
of 10 atm, is shown in Fig. 3.18. The corresponding nand n/28 scans, before and 
after recrystallization, are shown in Fig. 3.16. 
It was not possible to obtain visible ECP's for samples before they were recrystal-
lized, probably due to tilting and large number of defects. In Fig. 3.18 we can notice 
fine structure, where each line corresponds to the set of crystalline planes reflecting or 
absorbing high energy electrons. The high level of detail on this image corresponds to 
good crystallinity, in agreement with the X-ray measurements. The pattern has 3-fold 
symmetry, indicating that the sample is indeed cubic, and that no phase transition 
to the hexagonal crystal modification (which would have 6-fold symmetry) occurred. 
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Figure 3.16: The 0 and 0/28 -scan X-ray curves of the sample II366 before and 
after recrystallization process. The anneal temperature was 970°C and the sulfur 
overpressure 10 atm. The maximum intensities of the curves in the case of the recrys-
tallized sample have been reduced to the maximum intensity of the initial curve, so 
that curve widths can be compared. 



















Figure 3.17: a) When an electron beam is incident on a crystalline sample, the beam 
incident to a particular set of lattice planes with an angle slightly smaller than the 
Bragg angle ()H (beam 1) will backscatter from the sample, while the beam with an 
angle slightly larger than the Bragg angle (beam 2) will penetrate into the sample. 
b) Since the backscattered electron intensity is proportional to the degree of inelastic 
scattering, the intensity of backscattered electrons changes at the Bragg angle ±()H' 
c) This results in line contrast corresponding to a particular set of lattice planes, 
when the beam is angle-scanned in two orthogonal directions. Each pair of lines 
corresponds to the set of lattice planes having various spacings. 
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25 KV 
Figure 3.18: Electron channeling pattern of the sample II366, recrystallized at 970 °C 
for 3 hours at sulfur pressure of 10 atm. The 3-fold symmetry of the pattern indicates 
cubic crystalline lattice and that no phase transition occurred. The fine structure in 
the pattern confirms good crystallinity of the sample. 
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Figure 3.19: Surface of the sample II391 recrystallized at 922°e. The change in the 
surface morphology in form of hexagonal pits can be observed . 
vestigated with the SEM. On most of the samples, the surface morphology after 
recrystallization remained smooth, which is important for device-related reasons , like 
electrical contacting. However, on some samples recrystallized at higher temperatures 
we observed hexagonal pits (see Fig. 3.19). One possible reason for the formation of 
pits at higher recrystallization temperatures is excess crystalline volume associated 
with large density of defects . During the recrystallization process and boundary mi-
gration, the annihilation of defects takes place, during which volume of the crystal 
reduces resulting in the pit formation. At lower temperatures , however, the boundary 
migration is slower and crystal relaxation times larger, which leads to fewer or no pits 
formed. 
3.6.3 The role of sulfur 
The role of the sulfur gas overpressure is manifold. First, the high sulfur overpressure 
greatly reduces zinc partial pressure, and thus prevents the evaporation of the ZnS 
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film. Second, the sulfur-rich stoichiometry produces grain boundaries enriched by 
fast diffusing sulfur, which helps grain boundary migration. The large solubility of 
the chalcogen in the chalcogenides was accounted for to explain the result that bulk 
ZnSe recrystallization cannot be achieved under zinc overpressure. [32] In addition, 
we hypothesize that sulfur might also play an important role at the ZnS/sapphire 
interface. The significant difference between recrystallization of thin films and bulk, is 
the large mismatch-related energy accumulated at the interface, which should reduce 
grain boundary mobilities. One possible route for the relaxation of this energy is a 
sulfur-rich ZnS/sapphire interface. Sulfur-terminated sapphire surface might change 
into" quasi van der Waals" one, similar to selenium-terminated GaAs surface. [38] 
Weaker interface bonding could change interface structure, assist boundary migration 
and provide compliancy to the sapphire substrate. 
3.7 Conclusion 
Zinc sulfide/Galium nitride heterostructures are potentially interesting system for 
light emitters in blue and green part of visible spectrum. One attractive application 
of this diodes would be low power consumption DC electroluminescent displays. 
Zinc sulfide thin films grown on GaN (0001), GaAs (001) and sapphire (0001) 
substrates by MBE were characterized by variable temperature photoluminescence 
and high resolution X-ray diffraction. It was found that structural properties of ZnS 
films grown on sapphire and GaN suffered from heavy lattice mismatch. The optical 
properties of the ZnS films, characterized by integrated photoluminescence intensity 
over the measured wavelength range, were found to be in correlation with structural 
properties of the films, characterized by FWHM of X-ray rocking curves. 
The ZnS films grown on n- and p-type GaN were characterized by low temperature 
photoluminescence and compared to the ZnS films grown on sapphire. All samples 
displayed bright blue luminescence with two characteristic silver activator bands at 
390 nm and 440 nm. N-ZnS/p-GaN heterostructures were fabricated and character-
ized by current-voltage and electroluminescence. Electroluminescence was found to 
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be centered around 390 nm, corresponding to high energy silver band, and it shifted 
to higher energies with increase in device voltage. 
Since as grown films suffered from crystalline imperfections, the ZnS thin films 
on sapphire were recrystallized, by annealing at temperatures above 900°C at sul-
fur overpressure of 10 atm. The structural properties of samples, quantified in terms 
of widths of X-ray 0 and 0/28 scans, significantly improved, indicating more than 
lO-fold reduction in tilting and excellent crystallinity. The electron channeling pat-
terns confirmed good structural quality of the films. Surfaces of most recrystallized 
samples remained smooth, which is important for device-related applications. On 
some samples recrystallized at elevated temperatures the formation of hexagonal pits 
was observed and associated with the annihilation of large number of defects initially 
occupying excess crystalline volume. The role of sulfur was discussed, and it was 
found that sulfur is important in preventing film evaporation, increasing boundary 
migration and providing compliancy to sapphire substrate. 
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Chapter 4 The values of minority carrier 
diffusion lengths and lifetimes in GaN and 
their correlation with structural 
properties 
4.1 Introduction 
High critical fields for electric breakdown and good electronic properties of CaN and 
SiC have caused significant research interest for applications of these materials in high 
power, microwave, and high temperature electronics. While both of these materials 
can support large electric fields before breakdown, nitrides have several additional 
advantages over SiC, including the availability of cheap and efficient halide vapor 
phase growth epitaxy (HVPE) technology for thick standoff layers and the possibility 
of CaN / AlCaN heterojunctions. [1, 2] Some of the important parameters for high 
power devices are critical field for electric breakdown, thermal conductivity and mi-
nority carrier diffusion lengths and lifetimes. Critical field for electric breakdown and 
thermal conductivity are discussed in more detail in Chapter 5. Besides critical field 
and thermal conductivity, important parameters for design and performance of high 
power devices are minority carrier diffusion lengths and lifetimes. Minority carrier 
(both electron and hole) diffusion lengths and lifetimes are important for bipolar de-
vices and they directly influence sensitivity of UV photodetectors, [3] current gain 
of bipolar transistors [4] and forward drop voltage of thyristors, [2, 4, 5] to name a 
few examples. In this chapter, the measurements of minority carrier (both holes and 
electrons) diffusion lengths and lifetimes in CaN by electron beam induced currents 
(EBIC) are presented. The influence of structural defects on these minority carrier 
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properties is experimentally analyzed through atomic force microscopy (AFM) studies 
of surfaces of these materials and discussed through simple physical models. 
4.2 Experimental setup 
We determined the minority carrier (holes and electrons) diffusion lengths and life-
times from the EBrC measurements implemented in a scanning electron microscope 
(SEM). The samples used for this study were Schottky diodes fabricated on GaN 
substrates. 
4.2.1 Device preparation 
The samples used were unintentionally doped (UID), n- and p-type doped GaN on 
sapphire grown by MOCVD, molecular beam epitaxy (MBE) and HVPE. UID sam-
ples were n-type as grown, n-type samples were doped with Si, while p-type samples 
were doped with Mg. EBIC measurements were carried out on Schottky diodes fab-
ricated on these GaN films. Prior to device processing, the GaN surface was cleaned 
with organic solvents, and then dipped in HF : H20(1 : 5). 
Contact metals were sputtered in a chamber with a background pressure of 2 . 
10-8 Torr and patterned to produce Schottky contacts as well as large-area ohmic 
contacts (see Fig. 4.1). In the case of UID and n-type GaN, Au was used as a 
Schottky contact, while Til Al was used as an ohmic contact. For p-type GaN, a 
Nil Au metalization scheme was used for the ohmic contact, while Til Au was used 
for the Schottky contact. The Schottky diodes on the GaN chip were placed on a 
24-pin die package, contacted with Au wires and transfered to the SEM. The SEM 
micrograph of fabricated device is shown in Fig. 4.2. More details about current-
voltage characteristics of the fabricated devices are given in Chapter 5 and section 5.5. 
Ohmic 
(TiAI) 






Figure 4.1: Schematic of the Schottky devices processed on the CaN substrates. 
Schottky and ohmic contacts are fabricated by sputtering and optical lithography. 
Schottky diodes on CaN chip were mounted on die package and Au wires were con-
tacted (wire-bonded) to metal contacts. 
Figure 4.2: Scanning electron micrograph of fabricated device used for EBIC mea-
surements. 
65 
4.2.2 Electron beam induced current measurements setup 
EBIC measurements on these samples were carried out in a JEOL 6400V scanning 
electron microscope, using either GW Electronics pre-amplifier model103B, followed 
by GW Electronics Specimen Current Amplifier model 31, or Keithley 486 picoam-
meter. (6, 7) The schematic of the experimental setup is shown in Fig. 4.3. 
When electrons from the electron beam are injected into the semiconductor near 
a Schottky contact, generation of electron-hole pairs occurs (see Fig. 4.4). Due to the 
large concentration of holes in p-type sample (or electrons in UID or n-type sample) 
compared to the generated electron-hole concentration, only minority carriers are ef-
fectively generated, assuming low electron beam currents. This is the reason why a 
p-type sample is required for measurement of electron (as a minority carrier) trans-
port parameters, and n-type sample is required for measurement of hole transport 
properties. If the circuit is closed with a lateral ohmic contact on the semiconduc-
tor surface, minority carriers which diffuse close to the Schottky contact generate an 
induced current. The current follows the law I = kxaexp(-x/ Lm) where a ranges 
from -1/2 in case of negligible surface recombination to -3/2 in case of large sur-
face recombination. Lm is the minority carrier diffusion length and x is the distance 
between the Schottky contact and the injection spot. [8] The derivation of EBIC is 
given in Appendix A in the analytically simple case of large (infinite) surface recom-
bination. The minority carrier diffusion length is obtained by fitting the measured 
I (x) dependence to the theoretical equation. The small surface recombination corre-
sponding to a = -1/2 was assumed since the GaN samples analyzed here have good 
photoluminescence efficiency. Even if infinite surface recombination was assumed, 
which is unlikely, the quantitative values would not change more than 20 - 25%, since 
the analytical expression for EBIC is dominated by the exponential term. The data 
was collected at distances .T larger than either the electron range in the material, or 
the diffusion length, so that expression for EBIC is approximately correct (see Ap-
pendix A). [8J The minority carrier lifetime, Tm , can then be obtained from Einstein's 
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Figure 4.3: Schematic of the experimental setup for EBIC measurements. Sample 
mounted on die package is placed inside SEM. SEM column is protected by the elec-
tromagnetic interference (EMI) cancelation cage. If EBIC is measured by combination 
of GW Electronics 103 B preamplifier and GW 31 specimen current amplifier, signal 
is used to form EBIC images. Keithley 486 picoammeter was used for the quantitative 
measurements. 
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Figure 4.4: Experimental setup for EBIC measurements of minority carrier diffusion 
lengths using Schottky diodes. Injected minority carriers diffuse to the Schottky 
contact and form EBIC current. 
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nority carrier mobility using Dm 
obtain carrier mobilities. 
(kT/q) . 11m. Hall measurements were used to 
4.2.3 Optimization of electron beam current and voltage 
Considerations for electron beam current-minority carrier injection 
The electron beam current has to be kept low enough so that only minority carriers 
are effectively injected. High energy electrons impinging on the surface will pen-
etrate inside the semiconductor, and since they have enough energy (much larger 
than the threshold energy approximately equal to the energy of the bandgap which 
is energy required to produce electron-hole pair), each electron will produce one 
electron-hole pair with smaller energies in the avalanche process. This process will 
continue until the electron-hole pairs of last generation reach energy levels below 
the threshold energy. The radius of the generation volume can be approximated by 
h = [3.98.10-2 / p] Ul"75, [9] where p = 6.056 g/cm3 is density of GaN and Ub is the 
energy of the electron beam (see Fig. 4.5). This relationship overestimates the gen-
eration radius when compared to more accurate Monte-Carlo calculations. [10]. If a 
multiplicative factor of 2/3 is used, the equation h = 4.44·1O-3UC·75 is obtained, which 
agrees well with Monte-Carlo simulations. [10] The range as a function of electron 
beam voltage is shown in Fig. 4.6a. 
Total generation (gain, or number of generated electrons per one impinging elec-
tron) inside the generation volume will be: [11] 
(4.1) 
where rJc represent the loss of electron-hole pair generation by electron backscattering, 
and Uth is threshold energy for electron-hole pair production, empirically given by: [11] 





Figure 4,5: Generation volume of electrons approximated by sphere of radius R. 
The generation rate of minority carriers in the generation volume is given by: [11] 
I h 1 
n = -G 4 h3 ' q :i7f 
(4,3) 
where q is electron charge, Finally, the steady state concentration of generated excess 
carriers can be estimated as D.n = D.p = niT, [11] where T is relaxation lifetime. Since 
only minority carriers have to be effectively injected, in the case of minority holes in 
n-type GaN , condition D.n« n has to be fulfilled. In terms of electron beam current: 
( 4.4) 
Using typical values for electron beam energy in the range of 15-20 kV, a carner 
concentration of 1Ol7 cm-3 and minority carrier lifetime of 10 ns, one finds that the 
electron beam current has to be kept smaller than 20 nA. This condition was carefully 
taken into account during our measurements. If minority carrier injection condition 
is not fulfilled, the electron-hole recombination lifetime will decrease, resulting in 
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Figure 4.6: a) Range, or generation radius as a function of electron beam voltage 
for GaN. b) EBIC signal at distance .T = 2h as a function of electron beam voltage. 
The value Lm = 0.25 tLm was used for minority carrier diffusion length. The optimal 
voltage is in 15-20 kV region. 
71 
Optimization of electron beam voltage 
Another important issue is finding the optimal electron beam voltage for the EBIC 
measurements. Clearly, if the beam voltage is very low, generation rate G will be 
low, and induced current which is proportional to G will also be low. That would 
result in small signal, which would be hard to measure. On the other side, if beam 
voltage is very high, the range h will be high, and therefore injection spot x has to 
be on distances larger than h. However, since induced current is also proportional 
to e-x/ Lrn , large distances x will also result in small signal. In the case of small 
surface recombination, induced current is proportional to the electron beam current 
h, generation rate G and factor x-l/2e-x/Lrn. [8] From considerations in previous 
section (see Eq. 4.4), we can notice that hG rv h3 . For example, if we consider 
induced current at distance x = 2h, we obtain: 
(4.5) 
In the case of large surface recombination, EBIC rv hGhx-3/2e-X/Lrn which would 
result in the same form as Eq. 4.5. Equation 4.5 is shown in Fig. 4.6b) using a 
minority carrier diffusion length Lm = 0.25/Lm, which was a typical value measured 
for MOCVD samples in this study. It can be noticed that the optimal electron beam 
voltage lies in the 15-20 kV range, where most of the measurements were done. 
4.3 Measurements of minority 
. 
carrIer diffusion 
lengths and lifetimes 
Typical examples of the line scan profiles of the EBIC as a function of distance from 
the edge of the Schottky contact in the case of MOCVD-grown UID and p-type GaN 
is shown in Fig. 4.7a and Fig. 4.7c respectively. 
The EBIC line scan profiles are shown superimposed on the secondary electron 
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Figure 4.7: a) Line scan profile of the EBIC superimposed on the secondary electron 
image of the edge of the Au Schottky contact, for the MOCVD grown UID GaN. The 
electron beam voltage and current are 15KV and O.4nA respectively. b) Processed 
AFM tapping mode phase image of the surface of the MOCVD-grown UID sample 
shown in a) . This image shows that the boundaries of defect-free columns of crystal 
are decorated with linear dislocations. The defect-free regions span from 0.5-1.5 f.Lm 
in size. c) Line scan profile of the EBIC superimposed on the secondary electron 
image of the edge of the Til Au Schottky contact , for the MOCVD grown p-type 
GaN. The electron beam voltage and current are 20KV and 0.5nA respectively. d) 
AFM scan of the surface of MOCVD p-type sample shown in c) shows pits induced 
by linear dislocations terminated at the surface which occupy boundaries between 
otherwise defect-free grains. The size of defect free grains varies in 0.5-1 f.Lm range. 
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Table 4.1: Summary of the EBIC measurements. The diffusion lengths in each row 
of the table are average over the range of beam currents and different measurement 
positions on the sample. The corresponding lifetime is calculated according to the 
relation L~ = DpTp, if the experimentally measured diffusivity of the minority carriers 
was available. 
Sample I type I Cc [em 3] DD[em 2] Ubeam [KV] I heam rnA] L [11m] I T [ns] ) 
MOCVD-1 n 1017 (2 - 5) ·10" 10 0.2-0.5 0.29 ± 0.02 7 
20 l.4-5.6 0.25 ± 0.03 5.2 
MOCVD-2 n 101 (2 - 5) . 10" 15 0.3-1 0.28 ± 0.03 6.5 
20 0.8-5.4 0.26 ± 0.02 5.6 
30 0.7-5.6 0.30 ± 0.03 7.5 
MBE-1 n 1Q1° 5·10" 20 0.1-0.5 0.22 ± 0.03 
HVPE-1 n 1010 101; 20 l.3-2.6 ::::::1-2 
MOCVD-3 p 101 5·10" 20 0.05-0.5 0.20 ± 0.04 0.1 
MOCVD-4 p 1017 5·10!,! 20 0.05-l.7 0.21 ± 0.05 0.1 
material are shown in Fig. 4.7b and Fig. 4.7d. A summary ofresults for GaN samples 
of both n- and p-type, grown by MBE, MOCVD and HVPE is shown in Table 4.l. 
Typical data used to extract diffusion lengths is shown in Fig. 4.8 in case of three 
samples grown by three different growth techniques. Minority carrier diffusion lengths 
shown in Table 4.1 are obtained after averaging over the range of beam currents, dif-
ferent measurement positions on the sample, and different Schottky diodes on each 
sample. MOCVD samples had diffusion lengths of approximately (0.28 ± 0.02) /-Lm 
for holes and (0.20 ± 0.05) /-Lm for electrons, MBE sample had hole diffusion length of 
(0.22±0.03) /-Lm, while HVPE-grown sample had hole diffusion lengths in the 1-2 /-Lm 
range. Since electron concentration of the HVPE sample was very low (1016 cm-3 ), it 
was hard to achieve the minority carrier injection condition. If the minority carrier 
injection is violated, experimentally obtained values for diffusion lengths are typically 
underestimated. Therefore, actual diffusion lengths might be higher than 1-2 /Lm. In 
the case of MOCVD samples, diffusivities of Dp = 0.12 cm2/s and Dn = 2.6 cm2/s, for 
holes and electrons respectively, were obtained from Hall measurements of concentra-
tion and mobility. Using these values, in the case of MOCVD samples, we estimated 
a hole lifetime as a minority carrier of approximately 7 ns, and an electron lifetime 
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Figure 4.8: Typical data used to extract diffusion length. a) MOCVD-l and hole 
diffusion length, b) HVPE-l and hole diffusion length, and c) MOCVD-3 and electron 
diffusion length. 
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Table 4.2: Summary of the measured, estimated and calculated diffusion lengths and 
lifetimes from the published literature. 









a Estimated from reference [12]. 
b Reference [13]. 
c Reference [3]. 
d Reference [14]. 
e Reference [10]. 
f Reference [15]. 
g Reference [16]. 
h Reference [17]. 
8 -lOa 





1.2 - 3.4g 15g 
1.7 - 2.5h 
p-type doped samples were not available, and therefore diffusivities and mobilites of 
holes could not be measured. This resulted in the lack of estimate for hole lifetime 
for these particular samples. 
Measurements and calculations of minority carrier (hole) diffusion lengths and 
lifetimes obtained from the published literature are shown in Table 4.2, in the case 
of GaN and InGaN/GaN multiple quantum wells (MQW). We can observe variation 
in measured (or estimated) diffusion lengths in the range between 0.05 {Lm, [15] and 
3.4 {Lm. [16] The variation in hole lifetime is smaller, and ranges from 1 ns, [14] 
to 20 ns. [13] Variation in these values is attributed to the variation in structural 
properties of GaN. 
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Figure 4.9: AFM scan of the surface of HVPE-grown GaN sample. Large pits-free 
areas can be observed. 
4.4 Correlation of minority carrier lifetimes with 
structural defects 
4.4.1 Experimental observations by Atomic Force Mi-
croscopy 
The lack of a suitable GaN substrate has forced researchers to grow GaN on other 
substrates , such as SiC, GaAs and most notably sapphire. However, growth on lattice-
mismatched and thermally-mismatched substrates causes a number of defects which 
propagate from the GaN /substrate interface. A typical dislocation density for ma-
terial grown directly on sapphire is in the 109 - 1010 cm-2 range. More recently, 
using lateral epitaxial overgrowth technique, it is possible to grow GaN films with a 
dislocation density in the 107 cm-2 range. [18J Parallel to our EBIC measurements 
of minority carrier diffusion lengths and lifetimes, we performed extensive structural 
characterization of the surfaces of GaN samples analyzed here using AFM to establish 
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the possible effects that linear dislocations and other defects may have on transport 
properties. [19J Linear dislocations are known to induce pits on the surface which 
can be measured by AFM. [20] On most of the AFM images, we observed that lin-
ear dislocation-induced pits are located at boundaries between otherwise defect-free 
grains. We can notice from AFM images for MOCVD samples in Figs. 3c) and 3d) 
that the measured diffusion lengths (in the range of 0.2 - 0.3 /Lm) are smaller than the 
average defect-free grain size, which is in the range between 0.5 /Lm and 1.5/Lm. If re-
combination at linear dislocations indeed occurs, [10] it would limit diffusion lengths 
to sub-grain size length, in agreement with our experimental observation. In addi-
tion, EBIC measurements on HVPE samples, which had smallest dislocation density 
of approximately 108 cm-2 , gave values for diffusion length in the range of 1 - 2/Lm. 
The AFM image of the surface of HVPE sample is shown in Fig. 4.9. This increase in 
measured diffusion length with decrease in linear dislocation density and increase in 
the size of defect-free grains is in qualitative agreement with recombination at linear 
dislocations. 
4.4.2 Simple models for minority carner lifetime as a func-
tion of structural properties: dislocation density or 
graIn SIze 
If minority carrier recombination is the limiting mechanism for minority carrier dif-
fusion length and lifetime, it should be possible to derive an analytical model which 
connects a minority carrier property, such as lifetime, with the structural properties, 
such as linear dislocation density. Models of this type have been previously derived 
in case of GaP, [21]. 
Random distribution of dislocations 
If we assume that linear dislocations are distributed in a hexagonal "honeycomb-type" 
array, then the dislocation density can be expressed as Ndd = l/(1fr;), where 2rs is 
the distance between two first-neighbor dislocations (see Fig. 4.10a). Dislocations 
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are assumed to have core diameter 2ro. The minority carrier concentration (holes, 
for example) is obtained by solving the two-dimensional diffusion equation for the 
minority carrier concentration p: 
Boundary conditions are given by: 
(i) 
(ii) 
Plr=ro = 0 




Boundary condition (i) reflects the fact that due to infinite recombination, the minor-
ity carrier concentration at dislocations must be zero. Condition (ii) is approximation 
to the periodic boundary condition. [21] After solving Eq. 4.6 in cylindrical geometry, 
minority carrier lifetime Iscat is obtained: [21] 
(4.9) 
More details of the derivation leading to Eq. 4.9 can be found in Appendix B. If the 
minority carrier lifetime without scattering at dislocations is given by 10, then the total 
minority carrier lifetime becomes 1;1 = 10- 1 + Is-;'~t. Hole lifetime and corresponding 
diffusion length, obtained from the model, are shown in Fig. 4.1Ob as a function of 
dislocation density. In the calculation shown in Fig. 4.10b, we used measured value 
for hole diffusivity Dp = 0.12 cm2/s obtained from MOCVD samples, and dislocation 
core radius of ro = 30 nm, which is typically observed by AFM measurements. 
Dislocations occupying grain boundaries 
From the experimental observations of the linear dislocations patterns, it was observed 
that in the majority of samples linear dislocations are distributed at the boundaries 
of otherwise defect-free grains (as opposed to random distribution). The schematic 
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Figure 4.10: a) Uniform array of linear dislocations. Dislocation core radius is ro, 
and distance between dislocation is 2r s' b) Hole lifetime and diffusion length as a 
function of dislocation density, assuming uniform distribution of dislocations. The 
data is plotted using diffusivity measured for MOCVD samples. The hole lifetime TO 
without recombination at dislocations is used as an parameter in the plot. 
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The hole lifetime and diffusion length obtained from Eq. 4.12 are shown in Fig. 4.11b, 
using Tp-l = Tal + Ts~~t, where TO is minority carrier lifetime without scattering at 
linear dislocations. 
Both models, either in the case of uniform distribution of linear dislocations, or 
in the case of linear dislocations occupying boundaries of defect-free grains, predict 
that minority carrier lifetime and diffusion length should increase with decrease in the 
dislocation density or increase in the size of defect-free grains. This is in qualitative 
agreement with our experimental observations, as can be observed from Fig. 4.7, 
Table 4.1 and Fig. 4.9. 
4.4.3 Why would linear dislocations act as recombination 
centers? 
It is interesting to discuss possible reasons for hole recombination at linear disloca-
tions, and to give directions for future improvements of the model presented in previ-
ous section. Linear dislocations in CaN, in particular dislocations which have an edge 
component, are known to induce acceptor-like states, similar to Ce. [22, 23, 24] Since 
these states act as electron traps, [23, 24], dislocations become negatively charged and 
create a space charge region with a radius approximately equal to the Debye length, 
AD = JEoErkBT/e2n, where kB is the Boltzmann constant, T is the temperature and 
n is the electron concentration (see Fig. 4.12 and Appendix C). The negative charge 
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Figure 4.11: a) Dislocations occupying boundaries of otherwise defect-free grains. The 
radius of grains is r s' b) Hole lifetime and diffusion length as a function of average 
grain size in the case of linear dislocations occupying grain boundaries of defect-free 
grains. The data is plotted using diffusivity measured for MOCVD samples. 
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2rs =( nN OO )-1/2 
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AO=( EkT /q2n) 1/2 
Figure 4.12: One-dimensional model of GaN with negatively charged linear disloca-
tions. Negative charges (trapped electrons) at linear dislocations create space charged 
region with radius approximately equal to Debye length AD. Holes are attracted to 
linear dislocations by electric field of the space charge region, and recombine with 
trapped electrons. 
riers will be attracted by this electric field, and will recombine with trapped electrons 
at the linear dislocation. This mechanism explains how linear dislocations may act 
as recombination centers. The hole diffusion length will then be limited by free space 
between dislocations given by 2rs = 2/V7rNdd, and by the Debye length which defines 
a region of electric field which attracts holes to recombine with trapped electrons at 
linear dislocations: 
(4.13) 
One interesting consequence of this model is that the hole diffusion length might 
depend on both dislocation density and electron concentration. 
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4.5 Conclusion 
The minority carrier diffusion lengths and lifetimes were measured for electrons and 
holes in MOCVD, MBE, and HVPE grown UID, n- and p-type doped GaN. The 
experimentally observed diffusion lengths were in the 0.2 - 0.3 11m range for MOCVD 
and MBE grown samples, and 1 - 211m in the case of HVPE grown sample. In the 
case of MOCVD grown samples, the hole lifetime was estimated to approximately 
7 ns, and electron lifetime to approximately 0.1 ns. The same samples were struc-
turally characterized by AFM, and the size of the defect-free regions surrounded 
by linear dislocations is found to be of the order of measured diffusion length, m 
qualitative agreement with minority carrier recombination at linear dislocations. A 
simple model was presented which explains an increase in minority carrier lifetime 
and diffusion length with a decrease in the dislocation density or increase in the size 
of defect-free grains. A model which explains why linear dislocations might act as 
recombination sites is also presented. Linear dislocations with edge component act 
as electron traps, and are consequently negatively charged and create space charge 
region around themselves. The electric field in the space charge region attracts holes 
to linear dislocations, where they might recombine with trapped electrons. 
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Chapter 5 GaN based high power 
devices: design and fabrication 
5.1 Design of GaN based high power devices 
5.1.1 Introduction 
The interest in wide bandgap materials is motivated by their high breakdown fields 
and the possibility of high temperature operation, with the primary candidates being 
SiC and GaN. Compared to silicon, approximately 10-20 times higher critical field for 
electric breakdown would result in much thinner devices, with smaller forward drop 
voltages and smaller power dissipation. This potential dramatic reduction in size 
and power dissipation attracted significant interest from both Department of Defense 
and electric utility industry. [1] Some of the major advantages of nitrides over SiC 
are the availability of cheap and efficient growth technology for thick standoff layers 
and the possibility of GaN / AlGaN heterojunctions. High quality GaN has been 
epitaxially grown by hydride vapor phase epitaxy (HVPE) with growth rates as high 
as 100/'Lm/hr. [2] Possible devices include Schottky diodes, power FET's, bipolar 
transistors and thyristors. Since all of the power supply functions can be produced 
by a switch and a rectifier, [3] our attempts have focused on producing Schottky 
diode rectifiers and thyristor switches based on GaN / AlGaN heterostructures. The 
Schottky diode is easy to fabricate and gives excellent high-speed rectification, while 
thyristors offer high current gain and the excellent current switching characteristics 
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Figure 5.1: Schematic of nitride based: a) Schottky rectifier, b) thyristor. 
5.1.2 Nitride based Schottky rectifiers and thyristor switches 
The nitride based thyristor and Schottky rectifier are shown in Fig. 5.1. The principles 
of operation of these devices is well known and described in many classic texts. [4, 5] 
The numerous advantages one can obtain by implementing these devices in GaN lAIN 
semiconductor system will be considered here in detail. 
5.1.3 Thickness and doping of the standoff layer 
To estimate the required thickness and doping of the standoff layer, one has to consider 
the avalanche mechanism for the breakdown. By fitting Shockley's analytical form 
of the ionization coefficients 0:0' exp( -bl E) to the calculated values for electron and 
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hole avalanche multiplication coefficients, [6J the following equation is obtained for 
large values of the electric field: 
an = a p = 2.9.108 . exp( -32.7[MV /cmJ/E) m- 1 (5.1) 
To estimate the breakdown voltage of the standoff layer of thickness Wand uniform 
doping N d , the impact ionization integral equation should be solved: [4J 
{Xsc a(E(x))dx = 1, 
.fo 
(5.2) 
where Xsc = J2EoEr VR / qNd is the width of the space charge layer. As a fit to the 
numerical solution to Eq. 5.2, the following equation is obtained for the dependence 
of the breakdown voltage on the doping concentration: 
vpaN = 6860. (Nd[cm-
3
] )-0.73[VJ. 
BR 1016 (5.3) 
For a meaningful solution, it is necessary that the width of the standoff layer is larger 
than the width of the space charge layer at the point of breakdown, which can be 
achieved at this reverse bias voltage if: 
(5.4) 
Also, the critical field for electric breakdown (as a maximum electric field at the onset 
of breakdown) for GaN is found to be: 
(5.5) 
This glves a breakdown field of approximately 5 MV / cm for a doping range of 
1016 cm-3 . It is important to point out that values close to this number have been 
experimentally confirmed with Schottky rectifiers [7, 8] and heterostructure field ef-
fect transistors. [9]. Equation 5.3 is plotted in Fig. 5.2a as a solid line. The dotted 
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lines represent the punch-through condition for different widths of the standoff layer. 
Intersections of the solid and dotted lines give the maximum reverse blocking voltage 
and the optimum doping for a given standoff layer thickness. It can be observed that 
a 5000 V standoff voltage GaN-based Schottky rectifier or thyristor can be obtained 
with an 18 - 20 p,m thick layer with doping concentration of 1.5 . 1016 cm-3 which 
can be achieved with currently available nitride technology. For comparison, it would 
take 50 - 100 p,m of SiC and 650 p,m of Si at lower doping levels to withstand the 
same reverse bias voltage, which clearly highlights the advantage of nitrides in terms 
of smaller device resistance. 
AlGaN standoff layer 
In addition, if GaN is replaced with ternary compound AIGaN, there is a further 
improvement in critical field for electric breakdown because of the larger band gap 
of AIN. Since larger values of critical field for electric breakdown can be expected, 
even smaller thicknesses for the standoff layer are possible. Besides using AlGaN for 
higher critical field for electric breakdown, AIGaN jGaN heterojunctions can be used 
to enhance thyristor performance by optimizing injection efficiency. Since impact 
ionization coefficients for AlGaN are not available, it is not possible to use the same 
formalism as the one applied to GaN. To estimate the breakdown voltage for the 
uniformly doped AlGaN standoff layer, either in Schottky rectifiers or thyristors, we 
used the result that critical electric field for the breakdown scales with the square of 
the energy band gap, or Ec ex E; (see Fig. 5.3). [10] Although crude and empirical in 
nature, this relation gives an estimate for the electric breakdown field in GaN (using a 
multiplicative coefficient which is determined from the fit to existing diamond and SiC 
data [10]) in good agreement with the more elaborate calculations above. Following 
that assumption, the critical field estimate for electric breakdown in a uniformly 
doped AIGaN layer will be: 
EAIGaN = (EAIGaNjEGaN)2 . EGaN 
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Figure 5.2: a) The solid line represents the breakdown voltage as a function of doping 
concentration for GaN layer. The dotted lines are the punch-through conditions as a 
function of doping for different layer thicknesses. The intersection of black and dotted 
lines gives the maximum reverse blocking voltage and the optimal doping for given 
standoff layer thickness. For example, 5000V can be achieved with 20 !Jm of GaN with 
doping concentration of 1.5.1016 cm-3 . b) The same calculation for Alo.2Gao.8N gives 
that the reverse blocking voltage of 5000V can be achieved with 12!Jm of Alo.2Gao.8N 
with doping concentration of 3.5 .1016 cm-3 . 
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Figure 5.3: Critical field for electric breakdown as a function of energy bandgap. The 
critical field scales approximately with the square of the bandgap. This scaling law 
can be used to estimate critical fields for semiconductors where experimental data is 
not available. 
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Using Eq. (5.6) the breakdown voltage for a uniformly doped Alo.2Gao.8N layer with 
doping concentration Nd can be determined assuming Vegard's law for the band gap 
of a ternary nitride compound: 
VA1o.2Gao.sN = 12600. (Nd [cm-
3
] )-0.73 [V] 
BR 1016 (5.7) 
This result is correct for the reverse blocking voltage of an n-AIGaN standoff layer 
for both the asymmetric p+ -n junction (such as one in thyristor) or Schottky diode. 
Fig. 5.2b is a plot of avalanche breakdown and punch-through condition as a function 
of doping concentration for several widths of the Alo.2Gao.8N standoff layer. It can 
be seen that 5000V devices can be obtained with 12/-lm thick Alo.2Gao.8N layer with 
a doping concentration of 3.5· 1016cm-3 . 
5.1.4 Forward voltage drop for thyristor 
Since the thyristor behaves as a p-i-n diode in the ON-state, a similar approach to find 
the forward voltage drop (ON-state voltage) can be applied to the thyristor as for the 
p-i-n diode. [4, 5] The forward drop voltage in the thyristor is approximately inversely 
proportional to the minority carrier (hole) lifetime in the standoff layer and directly 
proportional to the square of the standoff layer thickness, or VON ex: W 2 /Th. [4] How-
ever, if the hole lifetime in the standoff layer is small enough so that the minority 
carrier diffusion length is approximately half the thickness of the standoff layer, the 
ON-state voltage increases more rapidly with the decrease in lifetime. [5] The depen-
dence of the ON-state voltage in the case of thyristor based on an AlGaN standoff 
layer as a function of the required breakdown voltage (which determines the required 
thickness of the standoff layer) and hole lifetime is shown in Fig. 5.4a. We notice 
that VON is lower when the thickness, W, is lower, as is the case for wide bandgap 
materials. Figure 5.4b shows the dependence of the ON-state voltage as a function 
of temperature and hole lifetime for a thyristor which uses a 12 /-lm thick Alo.2Gao.8N 
layer. In our calculations we used an electron mobility of 960 . (T /300)-1.84 cm2 /Vs 
which was obtained by fitting a theoretically calculated mobility published in Ref. [11], 
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and assumed an electron to hole mobility ratio to be rv 10. The measured and es-
timated hole lifetimes for GaN range from 1 ns to 20 ns (see Chapter 4, Table 4.2). 
Measurements on HVPE-grown GaN with a lower defect density in the 108 cm-2 range 
resulted in hole diffusion lengths in the 1 - 2 {lm range, which might correspond to 
even larger hole lifetimes (see Chapter 4.5). These measured values indicate that 
reasonably low ON-state voltages can be expected. 
5.1.5 Power dissipation and maximum current density for 
thyristor 
Power dissipation 
Power in the device is dissipated both in the ON and OFF state. In the ON-state 
dissipated power depends on the product of ON-state voltage and forward current, 
while in the OFF -state it depends on product of saturation current and standoff 
voltage. The advantage of nitrides and other wide band gap materials is that the 
ON-state voltage is reduced by having smaller standoff layer thicknesses because of 
larger critical field, while saturation current density is expected to be low because 
of the small intrinsic carrier concentration. Assuming a 50% duty cycle, the power 
dissipated in the device is given by: 
(5.8) 
where VON, JON and Re are voltage, current density and contact resistance in the 
ON state, and Js is the saturation current density. A is the cross-sectional area of 
the device. We used a value for total ohmic contact resistance which is a sum of the 
resistances to the p-type injection layer and n-type layer of Re = Rep + Ren rv Rep rv 
1O-3 0cm2 . The ohmic contact resistance to the p-type injection layer dominates, 
while the resistance of the ohmic contact on the n-type layer can be neglected, since it 
is typically much smaller. Another potential advantage of wide band gap materials is 
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Figure 5.4: a) ON-state voltage for a thyristor with Alo.2Gao.sN standoff layer as a 
function of reverse breakdown voltage. Larger reverse breakdown voltage requires a 
larger standoff layer thickness, producing larger ON-state voltage. Note the more 
rapid increase in ON-state voltage at larger reverse blocking voltages (> 5000V). 
b) ON-state voltage for thyristor with 12 pm thick Alo.2Gao.sN standoff layer, as a 
function of temperature and hole lifetime. Reasonably low values of ON-state voltages 
can be expected for the measured range of hole lifetimes. 
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Figure 5.5: The equivalent circuit for thermal dissipation calculation. Temperature 
acts as a potential, while dissipated power acts as a current. A typical value of 
l.OKcm2 / W was used for the case to ambient thermal resistivity. 
material has not yet been achieved with nitrides we have adopted an upper limit 
of Js = 10-3 AI cm2 , although much smaller values should be possible with better 
materials. 
Maximum current density 
The maximum current density is limited by the ability of the device and its housing to 
dissipate power (see Fig. 5.5) while keeping the temperature of the device lower than 
the maximum allowed temperature. The difference between the device and ambient 
temperature under steady state conditions is determined by the product of the total 
device to ambient thermal resistivity and the total power dissipated in the device: 
(5.9) 
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Figure 5.6: a) The relation between the temperature generated in the device and 
the device current density for different values of the hole recombination lifetime. b) 
Maximum operating frequency of the thyristor as a function of hole lifetime. 
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device (dj",A) and case to ambient ((Jca) thermal resistivities, where d rv 1mm is the 
substrate thickness. We used values of '" = 1.0 W jK cm for the thermal conductivity, 
assuming reduction of thermal conductivity at elevated temperatures from a room 
temperature value of "'0 = 1.4 W jK cm and (Jca = 1 Kcm2 jW as a typical value for 
the case to ambient thermal resistivity. Figure 5.6 shows the dependence of the 
device temperature as a function of current density (obtained from Eqs. 5.8 and 5.9) 
for several hole lifetimes in the range between 10 and 40 ns, assuming a 50% duty 
cycle. It can be observed that the maximum current density at a particular hole 
lifetime is limited by thermal breakdown when power cannot be efficiently dissipated. 
In the case of the Schottky rectifier even smaller forward voltages of approximately 
1 - 2 V are expected, [7] giving smaller power dissipation and much larger maximum 
current density. We notice that a maximum current density for thyristor in the range 
of 200 - 400 A/cm2 can be expected for measured values of hole lifetime. 
5.1.6 Maximum operating frequency for thyristor 
Typically, the maximum operating frequency of the thyristor is limited by the forward 
recovery time, which is the sum of time required to reduce forward conduction current 
If, the time to switch the device from the ON to OFF state, tOFF , and the time needed 
to increase voltage to the forward blocking voltage VBF : [4] 
If VBF 
t fr = dII +tOFF+ dVI 
dt max dt max 
(5.10) 
The time taken to turn a device from ON to OFF requires that charges in the standoff 
layer recombine, and depends on the hole lifetime as tOFF = Tpln~, where h is a 
"hold" current, defined as the current at the low-voltage, low-current end of the 
negative resistance region in the static I - V characteristic. The value of ddII is 
t max 
determined by the maximum temperature which will appear at the "hot spot" at 
the cathode because only a small part of the cathode will conduct at the start. [4] 
We have assumed the value ~; I = 2000A/ j1S, although larger values could be 
max 
expected since nitrides have a larger density x specific heat product than silicon. 
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The value of ~~ I is determined by the maximum transient current induced due 
max 
to the capacitance of the standoff layer. Assuming a standoff layer thickness of a 
12p,m, we obtain ~~I = 2.7 ·lOllV/s. Fig. 5.6b shows the maximum operating 
max 
frequency fmax = 1/2t fr of the thyristor with 12 p,m-thick AICaN standoff layer as a 
function of the hole lifetime. Much higher operating frequencies can be expected for 
the Schottky rectifier because it is a unipolar device, where speed is not limited by 
carrier recombination. 
5.2 GaN / AIGaN heterostructures 
Besides large critical field for electric breakdown and good electronic properties, ni-
tride semiconductor system is also attractive because CaN / AIN heterojunctions can 
be employed. The band alignment between CaN and AIN favors hole injection from 
AICaN into CaN, and this property of the heterojunction system can be used for 
further device improvements. [14] CaN / AICaN heterojunction transistors have been 
recently fabricated by other groups, but so far poor current gain (3 ~ 3 at room 
temperature have been reported. [15, 16]. 
5.3 Fabrication of 450 V GaN based Schottky rec-
tifiers 
5.3.1 Introduction 
In this section, the fabrication of high voltage, CaN based Schottky rectifiers and the 
measurement of the critical field for electric breakdown is presented. As can be seen 
in section 5.1, the critical field for electric breakdown is one of the most significant 
parameters in the design and performance of high power devices. It directly influences 
the required thickness of the standoff region in the Schottky rectifier and bipolar 
devices, such as the thyristor. Since the thickness of the standoff region sets forward 
voltage drop, it will determine power dissipation and maximum current density of the 
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device (see section 5.1). [12, 13J Schottky diodes have been previously fabricated on 
GaN using a variety of elemental metals including Pd and Pt, [17, 18), Au, Cr, and 
Ni, [19, 20], and Mo and W, [21]. More details on the metal-GaN contact technology 
can be found in Ref. [22J. 
5.3.2 Fabrication procedures 
The Schottky rectifiers were fabricated on 8 - 10 fLm thick GaN layers grown by 
HVPE on sapphire, where the electron concentration changes with the distance from 
the GaN /Sapphire interface. The conductivity and Hall measurements had been car-
ried out on a series of HVPE GaN films of varying thickness ranging from 0.07 to 9.2 
fLm, and data had been fitted to a two layer model. [23 - 26J It was concluded from 
the model that the GaN films consisted of a low conductivity, low electron concen-
tration, 8 - 10 fLm thick top layer on a very thin « 100nm), highly conductive, high 
electron concentration bottom layer. The electron concentrations and mobilities in 
the thin interface layer and thick upper layer were 2· 1020 cm-3 and 35 cm2/Vs, and 
2 . 1016 cm-3 and 265 cm2/Vs respectively. These values correspond to conductivi-
ties of 1120 Scm-1 and 0.85 Scm-1 for the interface layer and upper layer, indicating 
that the interface layer is approximately three orders of magnitude more conductive. 
C-V measurements performed on the 9.2 pm thick samples determined that the net 
donor concentration in the top few microns of the film was (2 ± 1) . 1016 cm-3 , con-
sistent with the two layer model. A cross-sectional transmission electron microscopy 
(XTEM) study on our HVPE samples (grown under similar conditions) was pre-
sented in Ref. [27], where it was concluded that the region adjoining the interface 
was highly disordered and included large number of subgrain boundaries, stacking 
faults and prismatic plane faults. Previous XTEM studies on GaN samples grown by 
HVPE indicated the presence of a similar 100-200nm thick, highly defective interface 
layer. [26, 28J Secondary ion mass spectroscopy studies done on our samples revealed 
large oxygen impurity concentrations near the GaN/sapphire interface, which also can 
account for the observed high electron concentration. Therefore, we conclude that the 
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high electron concentration and low electron mobility at the GaN/sapphire interface 
are combination of both the observed high defect density and high concentration of 
impurities (oxygen). 
We tested several device and contact geometries including lateral, mesa, and 
Schottky metal field plate devices as shown in Fig. 5.7 and 5.8. Prior to metal 
deposition, the GaN surfaces were cleaned with organic solvents, dipped in HF:H20 
(1:10), rinsed in deionized water, and blown dry with nitrogen gas. Following clean-
ing, gold (1500A) was sputtered in a Kurt J. Lesker chamber with a background 
pressure of 2 .10-8 Torr and patterned to produce Schottky contacts (see Fig. 5.7 and 
5.8). The size of Schottky contacts were 50/Lm, 100/Lm, and 200/Lm. Ti/ AI/Ni/ Au 
(150A/1500A/100A/1000A) was then sputtered to produce ohmic contacts as de-
posited. On some devices, large area Au metalization was used as a low resistivity 
contact instead. For the metal field plate devices, Si02 was sputtered using Si02 
targets and 10 sccm of O2 flow, and then patterned. 
Fabrication of mesa devices 
The mesa edge termination was produced by chemically assisted ion beam etching, 
using Xe ions accelerated with 1000 V, and 25 sccm of Cl2 flow (see Fig. 5.7). [12, 13] 
We etched 5/Lm of the 8 - 10 /Lm top layer and deposited ohmic contacts closer to 
the more conductive interface layer (see Fig. 5.7). Figure 5.9a and b shows profile of 
etched GaN and etch rate as a function of ion beam current. Depending on sample 
and geometry, the etch rates of up to 0.8 /Lm/min were found. Figure 5.10 shows SEM 
micrograph of the 5/Lm mesa device. 
5.3.3 Current-voltage measurements 
The current-voltage (I-V) measurements were taken with a Keithley 237 high voltage 
source measure unit and with an HP 4156A precision semiconductor parameter ana-
lyzer. The Keithley 237 was used for high voltage measurements while the HP 4156A 









Figure 5.7: Schematic of the Schottky rectifiers processed on the GaN. Schottky and 
ohmic contacts are fabricated by sputtering and optical lithography. Mesas were 
defined using chemically assisted ion beam etching. 
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Figure 5,8: Different device geometries for GaN Schottky rectifiers. The thicknesses 
of the layers of different electron concentration are not drawn to scale. a) Lateral 
Schottky rectifier b) Mesa device offers lower resistivity since ohmic contacts are 
deposited closer to the high conductivity interface layer c) Lateral Schottky rectifier 
processed with Schottky metal field plate overlapping a Si02 layer. 
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Figure 5.9: a) The SEM micrograph of the profile of the CAlBE etched MOCVD 
CaN. The 1 KeV Xe ions were used with the 10 sccm flow of Cb. b) Etch rate in 
case of MBE-grown CaN as a function of electron beam current in case of 1 ke V Xe 
ions and 25 sccm flow of Cb. 
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Figure 5.10: The SEM micrograph of the 5/-lm mesa device. 
100V. I-V characteristics for the fabricated devices are shown in Figs. 5.11, 5.12 
and 5.13. The reverse breakdown voltages observed were in the range between 350 V 
and 450V and reached 500V in several devices (see Fig. 5.12). We associate this 
variation in the device breakdown voltage with non-uniformities in the electron con-
centration and surface roughness. The Schottky barrier height <I> A'll. and ideality n were 
extracted from measured I-V characteristics by fitting to the Richardson thermionic 
current equation: 
2 ~ ...E.. 1= AAeT e kT (e nkT - 1), (5.11) 
where A is area of diode, Ae is Richardson constant, T is temperature, k Boltzmann 
constant, and q unit charge. [4] The Au Schottky barrier heights obtained from the 
I-V measurements varied between 1.1 eV and 0.8 eV, while the ideality factor of the 
diodes ranged between 1.6 and 4 (see Fig. 5.14). The Schottky barrier height for gold 
extrapolated to ideality factor 1 is <I> Au = 1.2 eV. 
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Figure 5.11: a) I-V curve shown on linear scale taken with Keithley 237 high voltage 
source measure unit for the high voltage rectifier displaying large standoff voltage. b) 







~ 10° "en 





::J 10-4 () 
10-5 
-SOO -400 -300 -200 -100 0 
VoltageM 
Figure 5.12: I-V curves of three processed devices showing typical variation in break-
down voltage across the chip. 
caused by the interface defect states. [29] In the case of the lateral diode, the ON-state 
voltage was 5-5.5 V for a current density of 100A/cm2 (see Fig. 5.13 and 5.15). Large 
ON-state voltages are a consequence of both the large ohmic contact resistances and 
the low electron concentration of the upper layer. The series resistance of the device 
is significantly affected by the presence of the highly conductive interface layer. This 
layer "shorts" the conduction path, so that the series resistance consists mainly of the 
ohmic contact resistance, the resistance of the 8 - 10 ji,m thick layer between ohmic 
contact and the highly conductive layer, and the resistance of the 8 - 10 j1m thick 
layer between highly conductive layer and the Schottky contact. Without the highly 
conductive interface layer, the device series resistance would be determined by the 
distance between ohmic and Schottky contact. The etching of the top 5/Lm layer and 
the depositing of the ohmic contacts closer to the highly conductive interface layer 
reduced the ON-state voltage from ~ 5.5 V to 4.2 V at a forward current density of 
100 A/cm2 (see Fig. 5.15). However, as can be observed from Fig. 5.13, the reverse 
leakage current increased to approximately 10-2 A/cm2 , probably due to the etch 
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Figure 5.13: I-V curves obtained with HP 4156A precision semiconductor parameter 
analyzer for the three device geometries discussed above. In all three data sets the 
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Figure 5.14: Schottky barrier height of gold (Au) on GaN shown as a function of 
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Figure 5.15: a) Forward bias I-V characteristics of devices with different geometries. 
b) Comparison between current flows in lateral and mesa devices. The highly con-
ductive layer at the interface "shorts" the conduction path, so that mesa device has 
smaller resistance due to shorter overall current path. 
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Figure 5.16: SEM photo of the Schottky contact of a diode after breakdown. The 
melted Au at its edges and corners indicates premature corner and edge breakdown. 
damage of the mesa walls. 
The electric field crowding at the edges and corners of the Schottky contact would 
reduce the effective barrier height and increase the reverse leakage current. This can 
also lead to premature breakdown due to nonuniform current spreading and excessive 
heating of the device, as can be observed in Fig. 5.16. To improve the Schottky 
contacts, we fabricated metal field plate contacts using Si02 as an insulator. [5] The 
edge of the Schottky contact overlaps sputtered Si02 , thereby reducing electric field 
crowding at edges and corners. [5] In this case, as can be observed from Fig. 5.13, 
measured saturation current at a reverse bias of 100V was less than 10- 5 A/cm2 , an 
improvement of two orders of magnitude when compared to the saturation current 
density of diodes with lateral contacts. 
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5.3.4 Experimental determination of the critical field for elec-
tric breakdown 
In this section we analyze the breakdown voltage of the Schottky diode consisting of 
lightly doped (Nd ) layer of thickness W, at the top of the highly doped bottom layer. 
As the reverse voltage of the Schottky diode increases, the thickness of the space 
charge region also increases, as well as the electric field at the metal-semiconductor 
interface. The thickness of the space charge region is given by Xsc = V2EQErVR/qNd' If 
the thickness W of the standoff layer is larger than the width of the space charge layer 
at the onset of the breakdown, than the breakdown voltage of the diode is determined 
from Eq. 5.5: 
(5.12) 
However, if the doping Nd is low enough, it is possible that the thickness of the space 
charge region becomes equal to the thickness of the standoff layer, or we have a case 
of a "punch-through" diode. [5] In that case the breakdown voltage of the diode is 
given by: [5] 
(5.13) 
It is important to consider both cases given by Eq. 5.12 and 5.13, due to the large 
variation in doping Nd of HVPE GaN material used for fabrication of the Schottky 
diodes. For example, diodes with low Nd values may be "punched-through" (so 
Eq. 5.13 should be used), while diodes with higher Nd will obey Eq. 5.12. The 
breakdown voltage as a function of doping concentration given by Eqs. 5.12 and 5.13 
is shown in Fig. 5.17a and b respectively. 
From the experimental results, we find the critical field for electric breakdown of 
(2.0 ± 0.5) . 106 V /cm. This value for critical field is in agreement with recent exper-
imental and theoretical predictions. [9, 6] Since our devices suffered from premature 
corner and edge breakdown (Fig. 5.16), and since device geometries were not fully 
optimized, we conclude that this value of critical field is only a lower limit. 
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Figure 5.17: a) Breakdown voltage as a function of doping concentration for several 
values of critical field for electric breakdown. b) The same as a) in the case of "punch-
through," when the standoff layer is fully depleted. 
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stration of a high critical field for electric breakdown in GaN. A high critical field 
indicates feasibility of GaN as a material for a variety of unipolar and bipolar de-
vices. [12, 13] Furthermore, assuming that the critical field for electric breakdown 
approximately scales as the square of the bandgap, even higher critical fields can 
be expected for AIGaN. The lack of a suitable conductive GaN substrate which can 
provide large area back ohmic contact, and therefore uniform current spreading, can 
be circumvented by using highly doped layers underneath the active standoff layer. 
Although ON-state voltages demonstrated in this work are rather high, estimates 
based on Eq. 5.11 show that the ON-state voltage for a current density of 100A/cm2 
can be as low as 1 - 2 V. However, it is necessary to improve Schottky contact edge 
terminations, reduce ohmic contact resistances and achieve more precise control over 
doping. 
5.4 Fabrication of 750 V GaN Schottky rectifiers 
Further improvements in reverse breakdown voltage can be achieved either by thicker, 
more uniform GaN layers, or by additional improvements in device contact geometry. 
Figure 5.18 shows 3/Lm thick GaN layer grown by MOCVD on HVPE GaN layers, 
nominally identical to the layers described in section 5.3.2. The MOCVD-grown GaN 
overlayer should provide smoother surface and better metallic contacts, while larger 
thickness of the sample should allow for larger reverse breakdown voltage. 
5.4.1 Fabrication procedures 
Fabrication procedures for the 750 V Schottky rectifiers is identical to the fabrication 
procedures described in section 5.3.2 and Fig. 5.8a. Palladium and Gold were used 
for Schottky contacts, while Ti(200 A)/ Al(1300 A) was used for ohmic contacts. In 
addition to thicker layer, new set of lithography masks were used. In particular, 
the diameter of circular Schottky contacts varied from 50/Lm to 1 mm. Rectangular 








Figure 5.18: Schottky rectifiers with breakdown voltage up to 750 V were fabricated 
on these layers. 
annealed at 700°C for 60 s to improve properties of TiAl "ohmic" contacts, but no 
improvement was found as measured by current-voltage characteristics. 
5.4.2 Current-voltage characterization 
The current-voltage (I-V) measurements were taken with a Keithley 237 high voltage 
source measure unit and with an HP 4156A precision semiconductor parameter an-
alyzer, similar to the procedures described in section 5.3.3. The reverse breakdown 
voltage of the Schottky rectifiers fabricated on these thicker MOCVD jHVPE sam-
ples was typically in the range between 550 V and 750 V depending on the position 
on the sample, indicating that uniformity of the sample is not ideal. Figure 5.19 
shows current-voltage characteristic of the typical diode in the lateral geometry (see 
Fig. 5.8a). The reverse breakdown voltage is between 700 V and 750 V. The cor-
responding critical field for electric breakdown, calculated according to procedures 
described in section 5.3.4, is (2.5 ± 0.5) . 106 V jcm. This is additional improvement 
compared to critical field obtained with the previous set of diodes obtained on HVPE 
GaN , described in section 5.3. This improvement is associated with lack of corner 
breakdown effects in circular contact geometry. 
The ON-state voltage of the diodes , measured as voltage at current density of 
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100 A/cm2 , was between 8 V and 12 V, depending on the position of the diode on the 
sample. The large ON-state voltage is predominantly the consequence of the poor 
ohmic contacts. The current density at the reverse voltage of -100 V was typically in 
the 10-3 -10-4 AI cm2 range. Although attempts were made to process diodes in other 
geometries (as described in Fig. 5.8b and c), the results were nonsatisfactory, due to 
the processing problems. Namely, etching thicker layers was progressively harder with 
mesa height, due to the problems with the cooling of the sample stage of CAlBE etch 
chamber. The large process-induced temperature caused baking of the photo-resist 
which was used as an etch-mask. Baked photo-resist was then virtually impossible to 
remove. In addition to practical etching problems, TiAl ohmic contacts require larger 
electron concentration at the surface to become effectively ohmic; otherwise, they 
behave as "leaky" Schottky contacts. Currently, plans for improvements of etching 
chamber are under way, as well as plans for selective ion implantation of Si (n-type 
dopant for GaN) for improved ohmic contacts. 
5.5 Fabrication of Schottky diodes on p-type GaN 
Schottky diodes on the p-type GaN were fabricated in the course of studies of elec-
tron transport properties as a minority carrier. More details about properties of these 
diodes is given in this chapter, since this chapter focuses on fabrication and charac-
terization of various two-terminal devices. However, Schottky diodes on p-type GaN 
did not qualify as high power devices since achieved reverse breakdown voltages were 
low. 
5.5.1 Fabrication procedures 
The samples used were p-type doped GaN on sapphire grown by MOCVD, and were 
doped with Mg. Prior to device processing, the GaN surface was cleaned with organic 
solvents, and then dipped in HF : H20(1 : 5). Contact metals were sputtered in a 
chamber with a background pressure of 2.10-8 Torr and patterned to produce Schottky 
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Figure 5.19: Fig. a) shows current on linear scale, while Fig. b) shows current on 
logarithm scale. 
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scheme was used for the ohmic contact, while Til Au was used for the Schottky 
contact. The micrograph of fabricated device is shown in Fig. 4.2. 
5.5.2 Current-voltage characterization of p-type GaN Schot-
tky diodes 
The current-voltage (I-V) measurements were taken with a HP 4156A precision semi-
conductor parameter analyzer, similar to the procedures described in section 5.3.3. 
Figure 5.20 shows current voltage characteristics on linear and logarithmic scale. 
The analysis of the current-voltage characteristics using Eq. 5.11 yields ideality fac-
tor n ~ 6.7 and a Schottky barrier height for Ti <P~~ ~ 0.8 e V. Since the reported 
barrier heights of Ti on n-type GaN range from approximately 0.1 eV to 0.6 eV, [30] 
we may observe that for Ti we would expect <PBp = 3.4eV - <PBn ~ 2.8eV which is 
much larger than experimentally observed value of 0.8 eV. This discrepancy can be 
partially accounted for by tunneling of holes through the very thin barrier formed at 
the contact due to the high Mg acceptor concentration necessary to achieve p-type 
doping, and due to the image force lowering of this barrier. The large ideality of the 
diodes, which we measured to be approximately 6.7, supports the hypothesis of the 
hole tunneling. Figure 5.21 shows the band diagram of the p-type GaN/Schottky 
metal contact. The large concentration of the Mg atoms produces very thin barrier 
of the height <P Bp' The tunneling through this barrier can be a very effective way 
to transport holes through this interface, which would significantly increase the total 
current, and apparently reduce barrier height measured from Eq. 5.11. The expression 
for tunneling probability is given by: [4] 
T(E) = exp[~JEO~~V (E - <PBp)], (5.14) 
where n is Planck constant, Er is dielectric constant, mv is hole effective mass in 
GaN, Na is acceptor concentration, <P Bp is ideal Schottky barrier height, and E is 
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Figure 5.20: Fig. a) shows current on linear scale, while Fig. b) shows current on 
logarithm scale. 
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T(E*) = 10-3 , then from Eq. 5.14 we obtain the corresponding reduction in effective 
barrier height: 
(5.15) 
By replacing Na = 1020 cm-3 and mv ~ 1me in the Eq. 5.15, we obtain that the 
reduction of the apparent barrier height due to tunneling can be as much as 1.2eV. 
Although this reduction is still not large enough to fully explain the experimentally 
observed reduction of 2 eV, it is probably one of the most important factors. Another 
important mechanism for the reduced barrier height might also be the image-force 
lowering. [4] 
The main reason for low reverse breakdown voltages (10 V) achieved in these 
diodes was small thickness of diodes, and "soft" reverse breakdown caused by tun-
neling through thin barrier formed at metal-semiconductor interface. 
5.6 Conclusion 
The important advantage of nitrides and other wide band gap materials for high 
power devices is a smaller standoff layer thickness for the same standoff voltage, giving 
smaller ON-state voltage and resistance, smaller power dissipation and larger maxi-
mum current density, allowing physically smaller devices for the same power rating. 
The design rules for nitride based Schottky rectifiers and thyristors are presented. 
The important design parameters are critical electric field and hole recombination 
lifetime. Using modeling parameters in the range currently available with GaN, and 
measured from fabricated devices, design results indicate the possibility of 18 11m thick 
GaN Schottky rectifiers and 12 11m thick AlGaN thyristors supporting 5 kV standoff 
voltage. The theoretical studies indicate that critical field for electric breakdown in 
GaN is approximately 5 MV Icm. The maximum current density for 5 kV thyristors 
is in the 200 - 400 AI cm2 range depending on the hole lifetime, and is limited by 
thermal breakdown. The maximum operating frequency of 5 kV thyristors is in the 
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Figure 5.21: Ec and Ev are bottom of the conduction and top of the valence band 
in GaN, E f is the position of the Fermi level, <I> fp is Fermi level position in respect 
to the top of the valence band, <I> Bp is the Schottky barrier height, W m is the metal 
work function, and XS is electron affinity in GaN. The large concentration of the 
Mg acceptors required in GaN to produce p-type doping makes very thin barrier 
at the interface. The tunneling transport therefore dominates over thermoelectronic 
emission and effectively reduces barrier height. 
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The Schottky rectifiers were fabricated on 8 - 10 {Lm-thick HVPE-grown GaN 
which had a standoff voltage of 450 V, a minimum saturation current density of 
10-5 A/cm2 at reverse bias of 100 V, and 4.2 V ON-state voltage at a forward current 
density of 100 AI cm2 . Various contact geometries were investigated. It was found that 
mesa geometry improves ON-state voltage, but causes increase in reverse current den-
sity, while that metal field plate geometry significantly reduces reverse current density. 
The critical field for electric breakdown measured for GaN is (2.0 ± 0.5) . 106 V Icm 
which approaches the theoretical estimate. Additional set of Schottky rectifiers were 
fabricated on 3 {Lm-thick UID GaN layers grown on the 8 -10 {Lm-thick HVPE layers. 
These diodes were fabricated using only circular Schottky contact geometry, which 
eliminates corner breakdown effects. The improvements in film uniformity and con-
tact geometry resulted in improved reverse breakdown voltage of 750 V, and improved 
critical field of (2.5 ± 0.5) .106 V Icm. However, the ON-state voltage also increased to 
10 -12 V, mainly due to the poor TiAI ohmic contacts to n-type GaN. The measured 
values of critical field are only a lower limit since the reverse breakdown voltage was 
limited by premature corner and edge breakdown. 
The results on fabrication and characterization of Schottky diodes on p-type GaN 
are also presented. The Schottky barrier height of approximately 0.8 eV was found. 
The tunneling through thin barrier formed at the metal-semiconductor interface was 
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Appendix A Simple model for electron 
beam induced current near Schottky 
diode in planar geometry 
The purpose of this appendix is to derive approximate expression for the electron 
beam induced current (EBIC) if the current is collected by the Schottky diode in 
the planar geometry. The case of infinite surface recombination is chosen due to 
analytic simplicity. [1] The case of finite surface recombination requires more detailed 
treatment, although the main conclusions about EBIC are similar. [2] 
If electron beam is injected at the distance d from the edge of the Schottky contact 
in the planar geometry (see Fig. A.1), generation volume of electron-hole pairs of 
radius h will be generated inside the sample. In the further treatment, the generation 
volume is replaced by point source goO(r-ro), at the depth h below the surface, where 
ro = he-; = Oe;, for simplicity. The differential equation governing the distribution of 
minority carriers p( fj is: 
2 p(fj ap(fj 
DpY' p(fj - -(;;'I + g(fj = -a-
T r) t 
(A.1) 
where g(fj = goo(r - io), Dp is diffusivity and T(fj = Tp is minority carrier lifetime. 
In the steady state EJr;}P = 0, so that Eq. A.1 reduces to: 
(A.2) 







Figure A.l: Schematic of the Schottky diode in the planar geometry. The point source 
generation (go) at depth h below the surface is assumed. Depth h is determined by 
the electron energy. In the case of the infinite surface recombination, the effect of 
surface can be treated by mirror image of the opposite charge generation( -go) at 
height h above the surface. 
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One solution of the Eq. A.3 is: 
(A.4) 
where Lp = (DpTp)1/2 is the minority carrier diffusion length. However, the solution 
of Eq. A.3 has to satisfy boundary condition for infinite surface recombination: 
~p EJ(~p) I s = - ---+ 00. 
Dp EJz z=o z'=h , 
(A.5) 
The condition A.5 is satisfied if /:::"p = 0 at surface (z = 0 or z' = h). 
One possible solution of Eq. A.3 which will satisfy boundary condition A.5 is: 
(A.6) 
This solution is obtained as a linear combination of solutions given by Eq. A.4 for the 
original point source go8(T - ro) (at the distance h below the surface) and the mirror 
image of opposite charge -go8(r - fQ) (at the distance h above the surface). ~p is 
minority carrier concentration at point P, which is at distance rl from the original 
point source, and distance r2 from the mirror image point source. Distances rl and 
r2 are given by: 
(A.7) 
Minority carriers are collected by the electric field at the Schottky contact and they 
form electric current: 
1+00 1+00 EJ( ~p) I J = qDp _ _ EJ dxdy. x-d y--oo z z=o (A.S) 
If we introduce dimensionless quantities: 
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where r = (x2 + y2 + Z2)1/2, then the Eq. A.8 becomes: 
-= - -dXdY 27r J 81 [,+00 1+00 e-R 
qgo 8Z Z=-H' Ds -00 R ' (A.10) 
where R = (X2 + y2 + Z2)1/2. The second integral becomes:[3] 
(A.ll) 
where Ko is modified Bessel function of the second order. By using Eq. A.ll and 
Kb = Kd3] we can transform Eq. A.10 to: 
(A.12) 
By using asymptotic form Kl (.r) rv ~e-x (which is approximately correct if x > 1), 
Eq. A.12 transforms to: 
7rI r;;j+oo e-vX2+H2 
--= - dX 
qgoH 2.r Ds -jX2 + H2 ' (A.13) 
which is approximately correct if H > 1 or h > Lp. If we apply Watson lemma[3] on 
Eq. A.13 we obtain: 
(A.14) 
which is correct asymptotic behavior if Ds > H, or d > h. If we substitute back 
substitutions A.9, Eq. A.14 becomes: 
(A.15) 
The conditions under which Eq. A.15 is approximately correct are d > Lp and d > h. 
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Appendix B Influence of infinite 
recombination on linear dislocations on 
minority carrier lifetime 
B.l Hexagonal array of linear dislocations 
If we assume that linear dislocations are distributed in a hexagonal "honeycomb-type" 
array, then the dislocation density can be expressed as Ndd = 1/ (-lrr;) , where 2r s is 
the distance between two first-neighbor dislocations (see Fig. 4.10a). Dislocations 
are assumed to have core diameter 2ro. The minority carrier concentration (holes, 
for example) is obtained by solving the two-dimensional diffusion equation for the 
minority carrier concentration p: 
Boundary conditions are given by: 
(i) Plr=ro = 0 




Boundary condition (i) reflects the fact that due to infinite recombination, the minor-
ity carrier concentration at dislocations must be zero. Condition (ii) is approximation 
to the periodic boundary condition. [1] If we use p(r, t) = p(f')T(t), differential equa-
hon B.1 can be separated: 
1 aT 1 2 
Tat = Dp X V' p = canst = -C, (B.4) 
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from which we obtain: 
T(t) = T(O)e- Ct 
p(f} = AIJO(V ~pr) + A2NO(V ~pr), 
(B.5) 
(B.6) 
where Jo and No are Bessel and Neumann special functions. The minority carrier 




where J~ and N~ are first derivatives of Bessel and Neumann special functions. If we 
introduce w = /f" then the determinant of the set of Eqs. B.7 and B.8 becomes: 





If we assume that wro "-' 1 and wrs "-' 1, we can use asymptotic expansions for Bessel 
and Neumann's special functions, which reduce Eq. B.10 to: 
1 T __ (wrs)2 
1 2 - 1r, --- 2 
1r wrs 
(B.ll) 
where I ~ 0.57 is Euler's constant. After simple algebraic transformation, Eq. B.ll 
reduces to: 
(B.12) 
Since Eq. B.12 is transcendent equation, exact solution is not possible. However, a 
good guess for iterative procedure is w ~ 1... We can notice that since the order of 
rs 
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magnitude for Ts is 0.2 JLm and order of magnitude for TO is 0.02 JLm=20 nm, then the 
right side of the Eq. B.12 becomes ln20 - r ~ 2.4, and the left side is at the same 





w = - --;,,---
T2ln~ - 'V. 
S ro I 
(B.14) 
The minority carrier lifetime is given by: 
Tscat = ~ = -i- = T; [ln 2Ts - r] , 
C w Dp 2Dp TO 
(B.15) 
and if we replace Ts = l/y'7rNdd in Eq. B.15, where Ndd is dislocation density, we 
finally obtain: 
(B.16) 
B.2 Dislocations occupying grain boundaries 
From the experimental observations of the linear dislocations patterns, it was observed 
that in the majority of samples, linear dislocations are distributed at the boundaries 
of otherwise defect-free grains (as opposed to random distribution). In that case, 
boundary conditions become: 
( i) pi = 0 r=Ts 
(ii)!!E1 = 0 ar r=O . 
This set of boundary conditions reduces to: 
AIJ~(O) + A2N~(0) = 0 






This set of boundary conditions will be satisfied if A2 = O. The solution is then given 
by zeros of Bessel's function Jo: 
J ~prs = >'0 = 2.4. (B.21) 




[lJ W.R. Harding, 1. D. Blenkinsop, and D.R. Wright, Electron. Lett. 12,502 (1976). 
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Appendix C Charged linear dislocations: 
potential and Debye screening length 
If we have negatively charged dislocations (see Fig. 4.12) inside the n-type semicon-
ductor, the electrons will feel repulsive Coulomb forces, and space charge region will 
be formed. This will result in screening of dislocations. The electron distribution 
will be governed by the potential, and the potential itself depends on charge through 
Poisson equation. Therefore, the self-consistent solution is required. 
The Poisson equation for potential V in cylindrical geometry is given by: 
(C.l) 
where charge p at the distance r from the linear dislocation is given by: 
p(r) = gNd - qn(r), (C.2) 
where Nd is the concentration of positively charged donor ions, n(r) is electron con-
centration, and q is unit electron charge. If we assume that (i) electron-electron 
interaction is negligible compared to thermal energy kT, then the electron concentra-
tion is function of the potential and is determined by Boltzmann's distribution: 
(C.3) 
Equations C.l and C.3 have to be solved self-consistently. If we replace Eq. C.3 in 
Eq. C.2, and then in Eq. C.l, we obtain: 
(C.4) 
136 
If we assume that (ii) potential V is small compared to kT, then we can expand 
fiX. !I!::. 
ekT ~ 1 + kT' and Eq. C.4 becomes: 
(C.5) 




, the Eq. C.5 becomes: 
€O€r 
(C.6) 
The Eq. C.6 can be written as: 
a2v 1 av 2 -+---K V=O. 
ar2 r ar 
(C.7) 
The solution of Eq. C.7 is given as modified Bessel function: 
V(r) = CKo(Kr) (G8) 
Constant C in Eq. C.8 can be determined from boundary conditions around dislo-
cation. If dislocation has linear charge density -q', q' > 0, the electric field of the 




and if we use asymptotic expansion for modified Bessel function Ko(x) rv - [In(x/2) + ,], 
where , ~ 0.57 is Euler's constant, we obtain: 
_ q' I = - ~ [In( Kr +,)] I = - (-C) [~] I ' 
27rEOErr 0 ar 2 0 r r-tO r---+ r-+ 







Finally, the potential around dislocations is: 
q' ( r ) V(r) = - 2 Ko ""\" 
1rEOEr AD 
(C.12) 
where AD = 1/ fi: is Debye's screening length: 
AD = (GI3) 
It is important to discuss under what conditions is Eq. C.12 approximately correct. 
Condition (i) discussed above is equivalent to 
1 q2« kT ( G14) 
41rEOEr r a 
where ra is average distance between electrons and is given by ra ~ n-1/ 3 . From 
Eq. C.14 we obtain: 
(
41rEOErkT) 3 18-3 n« 2 ~ 10 cm 
q 
(C.15) 
The condition (ii) is approximately equivalent to: 
(C.16) 
which gives: 
q' « 1.4· 10-11 C/m (GI7) 
which approximately corresponds to one unit electron charge per 10 nm. 
